
BACKGROUND AND LITERATURE SURVEY
CHAPTER II

2.1 Selective Catalytic Reduction (SCR) of NOxby Ammonia

T he se lec tiv e  catalytic reduction (SC R ) o f  NOx is the m ost effic ien t p ost­
com b u stion  tech n o logy  for N O x reduction from  stationary sources such as electrical 
generating plants and nitric acid  plants. In the SC R  o f  N O x, reducing agents such as 
am m onia and hydrocarbons can be used to convert N O x se lec tiv e ly  to nitrogen and 
water.

A m m on ia  (N H 3 ) is w id e ly  used as a reducing agent in the SC R  process. 
The benefit o f  N H 3 as the reducing agent is its h igh  se lec tiv ity  to react w ith  N O , 
producing e lem en t N 2  over m etal ox id e  catalyst in e x cess  am ount o f  o x y g en  (H eck  
and Farrauto, 1995) w h ile  the n ob le-m etal three w ay  catalysts are not e ffec tiv e  in the 
presence o f  e x cess  o x y g en  (Y ang, 1995). The m ajor desired reactions over se lective  
m etal catalysts such as vanadia catalyst (Janssen, 1987) and platinum  catalyst (H eck  
et a l ., 1995) are:

4 N H 3 +  4 N O  +  0 2  ---- ►  4 N 2 +
4 N H 3 +  2  N 0 2 +  0 2 ---- ►  3 N 2 +

6  H2 O , or
6 H2 O

The others reactions are

4NH3 + 4 NO + 3 02 —► 4N 20 + 6 H20
4NH3 + 3 0 2 - —► 2 N2 + 6 H2O
2NH3 + 2 0 2 —► n 20 + 3H20
4NH3 + 5 0 2 —► 4 NO + 6 H2O

A t tem peratures b e lo w  200°c, am m onia can also react w ith  the NO2 
p ossib ly  present in the effluent gas producing ex p lo siv e  NH4NO3.
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2 NH j + 2 N0 2 + H20  *  NH4NO3 + NH4N 0 2

2.2 SCR Catalysts

There are m any kinds o f  catalysts used in SC R  o f  N O x by NH3, depending  
on an operating condition  in order to op tim ize the abatem ent process. The active  
com ponent and tem perature ranges m ay be c la ssified  as fo llow :

L o w  tem perature (1 7 5 -2 5 0 °C ); platinum  
M edium  temperature (3 0 0 -4 5 0 °C ); vanadium  
H igh temperature (3 5 0 -6 0 0 °C ); zeo lite

O ne o f  the m ost e ffec tiv e  catalysts and presently used for flu e gas  
application is m edium  tem perature range vanadia-based catalysts or V 2 0 s / T i 0 2- 
based catalysts (Y ang, 1995 and W illi et al., 1996 ). In com m ercial use, W O 3 and/or 
M 0 O 3 are u sually  added as prom oters (L ong and Y ang, 2000a). W ach et al.{ 1996) 
investigated  SC R  o f  NOx w ith  NH3 over a series o f  supported vanadia catalysts to 
obtain additional insight into these important industrial reactions. It w as found that 
the SC R  se lectiv ity  toward N 2 form ation varied w ith  the im m ediate environm ent o f  
the surface vanadia sp ecies, and the se lec tiv ity  depended on  the sp ec ific  ox id e  
support ( T i0 2 > A l2 0 2> S i0 2).

V 2 Û 5/T i0 2 catalysts sh ow ed  the decrease o f  SC R  turnover frequency o f  
approxim ately 40-50%  w hen H 20  w as added to the reacting gas m ixture, 
independent on  vanadia surface coverages w h ile  the presence o f  S 0 2 resulted in a 
sign ificant increase o f  the turnover frequency at lo w  vanadia surface coverages. 
(A m irid is et a l ., 1996).

A lthough  the vanadia-based catalysts are h igh ly  active, major 
disadvan tages o f  these catalysts still rem ained, such as their tox ic ity , h igh activ ity  for 
oxidation  o f  S 0 2 to SO 3 , and form ation o f  N 20  at h igh tem peratures (L ong and 
Y ang, 1999b). H ence, the high temperature range zeo lite  catalysts have been also  
interested. L ong and Y ang (1 999b ) studied a series o f  F e-exchanged  m olecular  
siev es as catalysts for SC R  o f  N O  w ith  N H 3 . It w as found that nearly 100% N O
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con version s w ere obtained at 4 0 0 -5 0 0 °C  over F e-Z S M -5 and F e-m ordenite catalysts, 
producing on ly  N 2 and g iv in g  low er activity for oxidation  o f  SO 2 to SO 3 .

2.3 Pillared Clay Catalysts for SCR of NOx by NH3

Pillared c lays or pillared interlayer c lays (PIL C s) catalysts are another  
interesting catalysts because they are in exp en sive as com pared to the catalysts that 
have been d iscu ssed . PILC catalysts have been studied ex ten siv e ly  for a number o f  
catalyzed  reactions and found to be H 2 O /S O 2 resistant catalysts w ith  h igh  activ ities  
for SC R  o f  N O  by NFI3 (Y ang et al., 1995). T hey a lso  have attractive features such  
as h igh  porosity, h igh thermal stability and exch an geab le  cations (L ong and Y ang, 
1999a).

PILC catalysts derived from  cation ic c lays such as bentonite clay  is the one  
that has been  studied the m ost for SC R  o f  N O  (Y ang et a l ,  1992; C heng et al., 1996, 
L ong and Y ang, 1999a, 2000a , 2 0 00b , 200 0 c). In itially  Y ang et al.{ 1992) defined  
the cation ic PILCs as the tw o-d im en sion al zeo lite -lik e  m aterials prepared by  
exch an gin g  the charge-com pensating cations betw een  the c lay  layers w ith  larger 
inorganic hydroxycations. The com pensating cations w ere form ed by hydrolysis  
dehydration and dehydroxylation  o f  m etal salts to form  stable m etal ox id e  clusters 
w hich  acted as pillars keep in g  the silicate layers separated and creating interlayer  
spacing (gallery) o f  m olecular dim ension . F ive PILCs have been  synthesized  and 
tested  for their activ ities in the SC R  o f  N O  by N H 3 in the tem perature range o f  250 -  
450°c. The activ ities w ere in the decreasing order: Cr2 0 3 -PILC, F e2 0 3 -PILC, T i0 2 - 
PILC, Zr0 2 -PILC, and AI2 O 3 -PILC. O nly Cr2 0 3 -PILC exhib ited  higher activ ity  than  
a com m ercial พ 0 3 -V 2 0 5 /T i0 2  catalyst, but its activity w as severely  decreased by  
S 0 2.

C heng et al. (1 9 9 6 ) studied F e2 0 3  and Cr2 Û 3 supported on  Titania-PILC as 
catalysts for the SC R  o f  N O x by N F I3 . The results sh ow ed  the h igh est activity on  the 
catalyst w h o se  the ratio o f  Fe/Cr w as 3. The activ ity  o f  the Fe2 0 3  and Cr2 Ü 3 doped  
pillared c lays w as about tw ice  as m uch as com m ercial V 2 0 5/T i0 2  catalysts under 
FLO- and S 0 2 -free con d ition s, and w as approxim ately 40%  higher under conditions
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w it h  H 2 O  a n d  S O 2 . In  a d d it io n ,  th e ir  a c t iv i t y  fo r  S O 2  o x id a t io n  to  S O 3  w a s  o n l y  2 0  - 
2 5 %  o f  th e  V 2 0 5 - b a s e d  c a t a ly s t s .

T h e  F e - e x c h a n g e d  T i 0 2-P I L C  c a t a ly s t s  h a v e  b e e n  s t u d ie d  a n d  s h o w e d  h ig h  

a c t iv i t i e s  in  th e  r e d u c t io n  o f  N O x b y  N H 3 in  e x c e s s  o x y g e n .  T h e  c a t a ly s t s  w e r e  a b o u t  

t w i c e  a s  a c t iv e  a s  th e  c o m m e r c ia l  t y p e  V 20 5 - W 0 3 / T i 0 2 c a t a ly s t ,  a n d  h a d  h ig h e r  

N 2/ N 2O  s e l e c t i v i t y  in  th e  p r e s e n c e  o f  H 2O  a n d  S O 2 . S O 2 fu r th e r  in c r e a s e d  th e  

c a t a ly t ic  a c t i v i t i e s  a t a b o v e  3 5 0 ° c ,  w h e r e a s  H 20  d e c r e a s e d  th e  a c t iv i t y  s l ig h t ly  

( L o n g  a n d  Y a n g ,  1 9 9 9 a ) .
L o n g  a n d  Y a n g  ( 2 0 0 0 a )  in v e s t ig a t e d  S C R  o f  N O  w it h  N H 3 o v e r  a  s e r ie s  o f  

v a n a d ia  d o p e d  T i 0 2-P I L C  c a t a ly s t s ,  a n d  f o u n d  th a t  th e  V 20 5 / T i 0 2-P I L C  c a t a ly s t s  

p r o v id e d  h ig h e r  N O  c o n v e r s io n  th a n  V 20 s /T i0 2  c a t a ly s t ,  a n d  a ls o  h a d  h ig h e r  N 2/ N 20  

s e l e c t i v i t y .  In  a d d it io n ,  H 20  a n d  S O 3 s l i g h t ly  in c r e a s e d  th e  a c t iv i t i e s  a t th e  

te m p e r a tu r e  o f  m o r e  th a n  350°c. A d d i t io n  o f  W O 3 t o  v 20 5  fu r th e r  in c r e a s e d  th e  

a c t iv i t i e s .
R a r e  e a r th  o x id e s ,  i . e . ,  C e 0 2 a n d  P r O i .83 h a v e  b e e n  f o u n d  to  b e  p r o m o te r s  

fo r  F e - T i 0 2-P I L C  c a t a ly s t s .  A d d in g  a  s m a ll  a m o u n t  ( l e s s  th a n  2  % w t)  o f  t h e s e  

o x id e s  c a n  in c r e a s e  th e  a c t iv i t y  o n  S C R  o f  N O  b y  N F I3 ( b y  3 5 % )  b o th  in  th e  a b s e n c e  

a n d  p r e s e n c e  o f  H 20  a n d  S 0 2 ( L o n g  a n d  Y a n g ,  2 0 0 0 b ) .
V 0 2+e x c h a n g e d - T i 0 2-P I L C s  w e r e  la t te r  in v e s t ig a t e d .  T h e s e  c a t a ly s t s  

s h o w e d  h ig h  a c t iv i t y  fo r  th e  S C R  o f  N O  b y  N H 3 in  th e  p r e s e n c e  o f  o x y g e n  a n d  

r e s i s t a n c e  to  H 20  a n d  S 0 2 a t h ig h  te m p e r a tu r e . T h e  m a x im u m  a c t iv i t y  w a s  o b t a in e d  

w it h  2 .1  -  3 .5  % w t v a n a d iu m  ( L o n g  a n d  Y a n g ,  2 0 0 0 c ) .

2 .4  Hydrotalcite-type Clay

H y d r o t a lc i t e  c l a y s  h a v e  b e e n  u s e d  in  r e c e n t  y e a r s  a s  c a t a ly s t s  a n d  a s  

p r e c u r s o r s  o f  o x id e  c a t a ly s t s  a n d  c a t a ly s t  s u p p o r ts  ( S h e n  et a l ,  1 9 9 4 ) .  H y d r o ta lc i t e  

i s  a n  a n io n ic  c la y  f o u n d  in  n a tu r e , a n d  c a n  b e  e a s i ly  s y n t h e s iz e d  in  th e  la b o r a to r y . It 

i s  c o m p o s e d  o f  m i x e d  la y e r s  o f  b r u c ite  o r  M g ( O H ) 2 a n d  A l ,  [M g i_ xA l \ ( O H ) 2] x+, w ith  

in te r la y e r  a n io n s  a n d  w a te r  to  p r o v id e  o v e r a l l  c h a r g e  n e u tr a lity . L a y e r e d  d o u b le
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h y d r o x id e s  ( L D H s )  w e r e  a l s o  c a l le d  in  o r d e r  to  r e p r e s e n t  th e  c o m p o u n d s  h a v in g  

g e n e r a l  f o r m u la  s im i la r  to  h y d r o t a lc i t e  c o m p o u n d ,
M x2+M 3+( 0 H ) 2x+2( A - ) .y H 20

w h e r e  X  m a y  v a r y  fr o m  2  to  5 d e p e n d in g  u p o n  th e  p a r t ic u la r  c o m b in a t io n  o f  

d iv a le n t  a n d  t r iv a le n t  e l e m e n t ,  M 2+ a n d  M 3+.

A '  =  C 0 32', S O 4 2', c r ,  N O T  

X  = 2 - 5
Figure 2.1 S c h e m a t ic  d r a w in g  fo r  th e  s tr u c tu r e  o f  h y d r o t a lc i t e  c l a y s  ( T o w n s e n d ,
2 0 0 1 ) .

2.5 Polyoxometalate-pillared Hydrotalcite-type Clay

P o ly o x o m e t a la t e s  ( P O M s )  a re  s u i ta b le  p i l la r in g  a g e n t s  fo r  h y d r o t a lc i t e  

c la y s .  T h e s e  a n io n s  g e n e r a l ly  p o s s e s s  s tr u c tu r e s  c o n s i s t in g  o f  m u l t ip le  la y e r s  o f  

s p a c e - f i l l in g  o x y g e n s  a s  w e l l  a s  a  w id e  r a n g e  o f  c h a r g e  d e n s i t i e s .  R o b u s t  P O M s  

s h o u ld  im p a r t  la r g e  g a l le r y  h e ig h t s ,  a n d  g iv e  r is e  to  la r g e  la te r a l a n io n  s p a c in g s ,  
th e r e b y  p r o v id in g  a c c e s s  to  th e  in tr a c r y s ta l l in e  g a l le r y  s u r f a c e s  ( K w o n  et al., 1 9 8 8 ) .

H o w e v e r ,  th e r e  m a y  b e  s o m e  d i f f i c u l t y  in  in te r c a la t in g  s u c h  la r g e  s p e c ie s .  
T h e  f ir s t  s t r a te g y  m a d e  u s e  o f  th e  f a c t  th a t c r  a n io n  w a s  e a s ie r  to  d i s p la c e  th a n , fo r  

e x a m p le ,  C 0 32'. F o r  th is  r e a s o n , K w o n  et al. ( 1 9 8 8 )  s y n t h e s iz e d  V i o 0 2g6‘-p i l la r e d  

h y d r o t a lc i t e  (d  =  11 .9 Â )  b y  d ir e c t ly  e x c h a n g e  o f  d e c a v a n a t e  a n io n  ( V i o 0 2g6‘) w i t h  c r  

in te r la y e r  a n io n . T h e n , D r e z d z o n  ( 1 9 8 8 )  s y n t h e s iz e d  M o 7 0 246' (d  =  1 2 .1 7  Â )  a n d  

V i o 0 286~ (d  =  1 1 .8  Â ) - h y d r o t a lc i t e  t y p e  c l a y s  s ta r te d  fr o m  o r g a n ic - a n io n - p i l la r e d  c la y  

( t e r e p th a la te  d ia n io n - p i l la r )  p r e c u r so r  th a t w a s  s u b s e q u e n t ly  e x c h a n g e d  w it h  

a p p r o p r ia te  P O M s  u n d e r  m i ld ly  a c id ic  c o n d i t io n s .  T h e  th ir d  p r o c e d u r e  fo r
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s y n t h e s iz in g  P O M - p i l la r e d  h y d r o t a lc i t e  p r e s e n t e d  b y  C h ib w e  et al. ( 1 9 8 9 )  w a s  

a c h ie v e d  b y  d ir e c t  e x p o s u r e  o f  a  c a l c in e d - h y d r o t a lc i t e  c la y  t o  a  s o lu t io n  o f  th e  

p i l la r in g  s p e c i e s ,  i . e . ,  M o 7 0 2 4 6’(d  =  1 2 .0  À )  a n d  V io0286’(d  =  1 1 .8  Â ).

F r o m  p r e v io u s  w o r k  (R o c h a n u ta m a , 2 0 0 3 ) ,  V io 0 2 8 6'a n d  M o 7 0 2 4 6’p i l la r e d  

h y d r o t a lc i t e  h a v e  b e e n  f ir s t ly  s tu d ie d  a s  c a t a ly s t s  fo r  S C R  o f  N O x b y  N H 3 . T h e s e  

P O M  c a t a ly s t s  w e r e  s im i la r ly  s y n t h e s iz e d  b y  th e  m e t h o d  e s t a b l i s h e d  b y  D r e z d z o n  

( 1 9 8 8 ) .  T h e  r e s u lt s  s h o w e d  h ig h  N 2/ N 2O  s e l e c t i v i t y  o v e r  c o m m e r c i a l - t y p e  c a t a ly s t s ,  
a n d  s o m e  c a t a ly s t s  e x h ib i t e d  h ig h  a c t iv i t y  fo r  r e d u c e  N O x. T h e r e f o r e ,  t h e s e  r e s u lt s  

d e m o n s tr a te d  th a t  V io 0 2 8 6'a n d  M o 7 0 2 4 6'p i l la r s  in te r c a la te d  in  th e  h y d r o t a lc i t e  c la y  

c a n  b e  e f f e c t i v e  c a t a ly s t s  fo r  N O  r e m o v a l .  M o r e o v e r ,  t h e s e  c l a y s  w i t h  la r g e  b a s a l  

s p a c in g  d ( 0 0 1 )  c a n  a d s o r b  a  la r g e  a m o u n t  o f  N O  a s  in d ic a t e d  o n  T P D  o f  N O  

e x p e r im e n t s .  P il la r e d  d e r iv a t iv e s  w i t h  e v e n  la r g e r  g a l l e r y  h e ig h t  a n d  p o r e  s i z e s  a re  

d e s ir e d  fo r  c a t a ly t ic  r e a c t io n s .
V a n a d a t e - e x c h a n g e d  h y d r o t a lc i t e  c l a y s  h a v e  b e e n  in v e s t ig a t e d  b y  U lib a r r i  

et al. ( 1 9 9 3 ) .  P r e - s w e l l i n g  w i t h  g ly c e r o l  w a s  a ls o  p e r fo r m e d . It w a s  f o u n d  th a t  p o r e  

s iz e  d is t r ib u t io n  w a s  b r o a d e r  th a n  th a t  o f  th e  s a m p le s  p r e p a r e d  v ia  a  t e r e p th a la te  

in te r m e d ia te  a n d  s o  w a s  th e  s u r f a c e  a rea .
In  th e  s e a r c h  fo r  a d v a n c e d  m a te r ia ls ,  p o l y a c id  a n io n s  a re  in t e r e s t in g  fo r  

u s in g  a s  th e  p i l la r in g  a g e n ts .  T r ib o r a te -p i l la r e d  h y d r o t a lc i t e s  (d  =  1 0 .8  Â )  h a v e  b e e n  

s y n t h e s iz e d  in  o n e  s te p  b y  a d ju s t in g  th e  p H  o f  th e  c o p r e c ip i t a t io n  t o  f a v o r  fo r m a t io n  

o f  d e s ir e d  a n io n  (B h u tta c h u r r y  et al., 1 9 9 2 ) .  T e tr a b o r a te  p i l la r e d  h y d r o t a lc i t e s  h a v e  

b e e n  s t u d ie d  n e x t ,  a n d  th e  d - s p a c in g  o f  1 1 . 0  À  a n d  h ig h  s u r f a c e  a r e a  w e r e  a c h ie v e d  

(L i  et al., 1 9 9 6 ) .  R e c e n t ly ,  O g a w a  a n d  A s a i  ( 2 0 0 0 )  s u c c e s s f u l l y  s y n t h e s iz e d  

d e o x y c h o la t e  in te r la y e r  c o m p o u n d s  b y  n o v e l  h y d r o th e r m a l  r e a c t io n s .  T h e  d - v a lu e  o f
3 2 .9  Â  w a s  o b s e r v e d  w i t h  a  b i la y e r  fo r m  o f  d e o x y c h o la t e .

R e s e a r c h  o n  h e t e r o p o ly  a c id s  a n d  r e la te d  P O M  c o m p o u n d s  is  a  f i e ld  o f  

in c r e a s in g  im p o r ta n c e .  C o m p le x  p r o to n  a c id  th a t  in c o r p o r a te s  p o l y o x o m e t a l a t e  

a n io n  h a v in g  m e t a l - o x y g e n  o c ta h e d r a  a s  th e  b a s ic  s tr u c tu r a l u n it  k n o w n  a s  a  K e g g in  

h e t e r o p o ly a n io n  t y p ic a l ly  r e p r e s e n te d  b y  th e  f o r m u la  X M i 2O 40X’8 h a v e  s e v e r a l  

a d v a n t a g e s  a s  a  c a ta ly s t .
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LDH layer 1
-FCOO' coo COO' coo*

Figure 2.2 S c h e m a t ic  d r a w in g  fo r  th e  m ic r o s tr u c tu r e  o f  d e o x y c h o la t e -  in te r c a la t io n  

c o m p o u n d  ( O g a w a  a n d  A s a i ,  2 0 0 0 ) .

Figure 2 .3  T h e  K e g g in  s tr u c tu r e  o f  th e  X M i2O 40X*8 a n io n  ( a - i s o m e r ) :  t e r m in a l  ( O 1), 

e d g e - b r id g in g  ( O 2) ,  a n d  c o m e r - b r id g in g  ( O 3) o x y g e n  a t o m s  ( K o z h e v n ik o v ,  1 9 9 7 ) .

D im o t a k is  et al. ( 1 9 9 0 )  p r e p a r e d  K e g g in - t y p e  P O M  p i l la r e d  h y d r o ta lc i t e ,
i . e . ,  H 2W i 2O 406' ( d  =  1 4 .8  Â )  f r o m  te r e p h th a la te  in te r la y e r  p r e c u r s o r s .  T o g e t h e r  w i t h  

W a n g  et al. ( 1 9 9 2 ) ,  th e  P O M  io n  w i t h  K e g g in - t y p e  s tr u c tu r e - , P V 3W 9O 40, p i l la r e d  

h y d r o t a lc i t e s  (d  ~  1 3 .0  Â )  w e r e  p r e p a r e d  in  a n  a q u e o u s  in  o n e - s t e p  r e a c t io n s .  S e v e r a l  

s ta r t in g  m a te r ia ls  a n d  tr e a tm e n t  c o n d i t io n s  w e r e  a ls o  s tu d ie d .
K e g g i n s  are  th e  m o s t  s ta b le  a n d  o f t e n  a p p e a r  a s  d e m o n s t r a t e d  in  l ite r a tu r e s .  

T h e r e f o r e ,  it  w o u ld  b e  in te r e s t in g  to  u s e  p o ly a c id -  a n d  P O M - ( K e g g i n  i o n s )  p i l la r e d  

h y d r o t a lc i t e  c la y s  a s  c a t a ly s t s  fo r  S C R  o f  N O  w it h  N H 3 . In  th is  w o r k , P O M - p i l la r e d  

c l a y s  w e r e  p r e p a r e d  b y  u s in g  d e o x y c h o la t e - p i l l a r e d  c la y  a s  p r e c u r s o r . A l l  p i l la r e d  

c l a y s  w e r e  c h a r a c te r iz e d  a n d  u s e d  a s  p r e c u r s o r s  (o r  s u p p o r t )  to  p r e p a r e  c a t a ly s t s  fo r  

S C R  o f  N O  b y  N H 3 .
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