
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Characteristics of Pillared-clay Catalysts upon Temperature Changes

It w a s  r e p o r te d  th a t  h y d r o t a lc i t e  c l a y s  h a v e  d i f f e r e n t  th e r m a l  t r a n s it io n  

b e h a v io r s  in  th e  d i f f e r e n t  c a lc in a t io n  s t a g e s  ( S h e n  et a l ,  1 9 9 4 ; a n d  Y o n g  et al.,
2 0 0 1 ) . In  t h is  p a rt, th e  c h a n g e s  in  c h a r a c t e r is t ic s  o f  p i l la r e d - c la y  s u c h  a s  p h a s e  

t r a n s i t io n , m o r p h o lo g y ,  a n d  s u r f a c e  a r e a  u p o n  te m p e r a tu r e  w e r e  s t u d ie d  b y  s e v e r a l  

t e c h n iq u e s ,  i . e . ,  T G A , X R D ,  S E M , a n d  B E T .

4 .1 .1  T r a n s it io n  W e ig h t  L o s s  o f  P i l la r e d - c la v s
T h e  t r a n s it io n  w e i g h t  l o s s  o f  p i l la r e d - c la y s  u p o n  te m p e r a tu r e  w a s  

in v e s t ig a t e d  b y  T G A  t e c h n iq u e .  T h e  r e s u lt s  s h o w e d  t r a n s i t io n  w e i g h t  l o s s  b e h a v io r  

o f  p i l la r e d - c la y s  fr o m  30  to  8 0 0 ° c .

4.1.1.1 D A-clay B ased  Catalysts
T h e  tr a n s i t io n  w e i g h t  l o s s  o f  D A - c l a y  e x a m in e d  b y  T G A  is  

s h o w n  in  F ig u r e  4 .1 .  T h e  w e i g h t  l o s s  a p p e a r s  in  th r e e  z o n e s .  In  th e  f ir s t  z o n e ,  w a te r  

l o c a t e d  a t s u r f a c e  a n d  b e t w e e n  in te r la y e r  o f  c la y  s h e e t  w a s  lo s t  w h e n  th e  te m p e r a tu r e  

w a s  in c r e a s e d  to w a r d  a n d  b e y o n d  i t s  b o i l in g  p o in t .  T h is  f ir s t  t r a n s i t io n  s h o u ld  b e  u p  

t o  3 0 0 ° c .  T h e  s e c o n d  t r a n s it io n  is  s ta r te d  b e t w e e n  3 0 0  a n d  5 0 0 ° c ,  a n d  th e  th ir d  

t r a n s i t io n  i s  b e y o n d  5 0 0 ° c .  In  th e  s e c o n d  z o n e s  b e y o n d  th e  f ir s t  t r a n s i t io n , c la y  

m ig h t  h a v e  s ta r te d  to  lo s e  o n e  b y  o n e  th e ir  t w o  la y e r s  o f  d e o x y c h o la t e  a n io n s  a n d  

h y d r o x y  g r o u p s  u n t i l  th e  th ir d  t r a n s it io n  a t 5 0 0 ° c  w h e r e  th e  c la y  m ig h t  h a v e  

c o m p l e t e ly  l o s t  th e  la y e r  s tr u c tu r e  a n d  b e c o m e  m ix e d  o x id e s .



17

4.1.1.2 PW/2-clay Based Catalysts
T h e  t r a n s i t io n  w e i g h t  l o s s  o f  P W i 2- c l a y  d e t e r m in e d  fr o m  

T G A  is  s h o w n  in  F ig u r e  4 .2 .  T h e  w e i g h t  l o s s  a p p e a r s  in  th r e e  z o n e s .  S im i la r  t o  D A -  

c l a y ,  th e  f ir s t  t r a n s it io n  i s  u p  to  3 0 0 ° c  d u e  to  r e a r r a n g e m e n t  o f  o x id e  s u r f a c e  o n  

b r u c ite  la y e r s  in  a d d it io n  o f  l o s s  o f  w a te r . T h e  s e c o n d  t r a n s i t io n  s ta r ts  b e t w e e n  3 0 0  

a n d  5 0 0 ° c  w h ic h  th e  la y e r  s tr u c tu r e  m ig h t  s ta r t t o  b e  lo s t .  B e y o n d  5 0 0 ° c ,  it  i s  a  

w e l l - m a in t a in e d  z o n e .
4.1.2.3 SiW 12-clay Based Catalysts

F ig u r e  4 .3  s h o w s  th e  T G A  a n d  D T G  o f  S i W i 2- c la y .  T h e  

t r a n s i t io n  w e i g h t  l o s s  o f  S i W i 2- c la y  w a s  s im i la r  t o  P W i 2- c la y .  T h e  s e c o n d  t r a n s it io n  

i s  s ta r te d  b e t w e e n  3 0 0  a n d  5 0 0 ° c  th e  la y e r  s tr u c tu r e  m ig h t  s ta r t t o  b e  lo s t .  B e y o n d  

5 0 0  ° c ,  it  i s  a l s o  a  w e l l - m a in t a in e d  r e g io n .

Figure 4.1 T G A  a n d  D T G  o f  D A - c l a y .
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Figure 4.3 TGA and DTG of SiW,2 -clay.
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4.1.2 Phase Transitions of Pillared-clays
Phase of pillared-clays was changed after calcined at different 

temperatures. The calcined product components of each pillared-clay were analyzed 
by XRD technique.

4.1.2.1 DA-clay Based Catalysts
XRD patterns of DA clay based catalysts after dried and 

calcined at 2 5 0 -5 0 0 ° c  are shown in Figure 4.4(a). The (0 01 ) plane peak of dried 
DA-clay occurs at the 20 angle of 2 .65 °, which has the d-spacing value of 32 .90  Â . 
These values agree well with the data obtained from Ogawa ans Asai (2000 ), which 
showed the intercalated deoxycholate formed as a bilayer in the interlayer space 
where the carboxylate was believed to orient to the surface of the cationic brucite- 
like sheet. The XRD pattern of dried DA-clay also shows a Mg(OH) 2  phase at the 20 
angle of 18.36° and 38 .04°, and the diffraction peaks at around 10 -18° belong to 
deoxycholic acid phase. When the clay was calcined at 2 5 0 °c , most of the peaks 
still occurs at the same 20 angle, which means the structure of DA-clay did not 
change significantly at this temperature. The diffraction peak of DA-clay calcined at 
3 0 0 °c  shows the flat plane peak at the 20 angle of 3 .78°, which has the d-spacing 
value of 23 .36  Â . At this temperature, a magnesium oxide (MgO) phase is observed 
at the 20 angle of 42 .82 ° in addition to Mg(OH) 2  phase, indicating some 
deoxychalate ions and layer structure such as hydroxy groups might have started to 
be lost at this temperature. After the clay was calcined at 350 and 4 0 0 °c , sharp peak 
of MgO phase is observed, indicating more deoxycholate ions and layer structure 
were lost. After calcined at 5 0 0 °c , most of the peaks are disappeared, which 
deoxycholate ions and layer structure were believed to be almost or completely lost, 
and the clay structure became mixed oxides (MgO and Mg-Al-O). These 
observations agree well with the TGA results as shown in part 4.1.1.1.

After the clay was calcined at 900°c, higher crystalinity 
material was observed. The XRD pattern of this product is shown in Figure 4.4(b). 
It consists of sharp peaks of MgO and some trace of MgAf0 4  (spinel), indicating the 
change from the amorphous Mg-Al-0 mixed oxide into MgAF0 4 . This observation 
agrees with the evolution of general hydrotalcite clay that had been reported 
elsewhere (NIRE, 1995, and 1999).
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Figure 4.4 XRD patterns of (a) DA-clay dried at 110°c, and calcined at 200, 300, 
350, 400, and 500°c, and (b) DA-clay calcined at 900°C: (m) Mg(OH) 2  phase, (o) 
MgO phase, and (ร) spinel phase.
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4.1.2.2 PWi2~clay Based Catalysts
Figure 4.5(a) shows the XRD patterns of dried PWi2-clay, 

and PWi2 -clay after calcined at 250 -500 °C . The (001) plane peak of dried PWi2 -clay 
appears at the 20 angle of 6 .02 °, which has the d-spacing value of 14.67 Â . Similar 
to DA-clay, after this clay was calcined at 2 5 0 °c , most of the peaks still occurred at 
the same 20 angle, which means the structure of PWi2 -clay did not change 
significantly at this temperature. When PWi2 -clay was calcined at 3 5 0 °c , the plane 
peak was disappeared, the first peak was observed at the 20 angle of 11.86, which 
has the d-spacing value of 7.46 Â. Similar to the DA-clay, a magnesium oxide 
(MgO) phase was also observed at this temperature but less than the DA-clay. The 
peaks of PWi2 -clay were almost disappeared after calcined at 5 0 0 °c , indicating the 
clay sheet was already collapsed, and the clay characteristic was completely lost at 
this temperature.

After the clay was calcined at 9 0 0 °c , crystalinity peaks of 
MgO and MgAl204 (spinel) phases were observed similarly to DA-clay. The XRD 
pattern of these mixed phases is shown in Figure 4.5(b).
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Figure 4.5 X R D  p a tte r n s  o f  (a )  P W i 2- c la y  d r ie d  a t 1 1 0 ° c ,  a n d  c a lc in e d  a t 2 5 0 ,  3 5 0 , 

a n d  5 0 0 ° c ,  a n d  (b )  P W i 2- c la y  c a lc in e d  a t 9 0 0 ° C :  ( m )  M g ( O H )2  p h a s e ,  ( o )  M g O  

p h a s e ,  a n d  (ร ) s p in e l  p h a s e .
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4.1.2.3 S i พ 12-clay B ased  Catalysts
D r ie d  S iW  12- c la y  h a s  th e  ( 0 0 1 )  p la n e  p e a k  a t th e  2 0  a n g le  o f  

6 .0 2 ° , w h ic h  h a s  th e  d - s p a c in g  v a lu e  o f  1 4 .6 7  À  (F ig u r e  4 .6 a ) .  A f t e r  it w a s  c a l c in e d  

a t 2 5 0  a n d  3 5 0 ° c ,  m a jo r  c h a r a c te r is t ic  p e a k s  a re  s t i l l  r e m a in e d , in d ic a t in g  th is  

p i l la r e d - c la y  m ig h t  b e  th e  h ig h e s t  th e r m a l s t a b i l i t y  c la y .  H o w e v e r ,  th e  f ir s t  p e a k  o f  

S i W ] 2- c la y  c a l c in e d  at 3 5 0  ° c  o c c u r s  a t th e  20  a n g le  o f  8 .9 2  w it h  d - s p a c in g  v a lu e  

d e c r e a s in g  f r o m  1 4 .6 7  to  9.91 Â .  A  m a g n e s iu m  o x id e  ( M g O )  p h a s e  w a s  fo r m e d  a s  

s a m e  a s  in  th e  D A - c l a y  a n d  P W ] 2- c la y  c a s e s .  S im i la r  t o  P W i 2- c la y ,  t h e  c la y  w a s  lo s t  

i t s  s tr u c tu r e  a n d  c h a r a c te r is t ic  a fte r  c a lc in e d  at 5 0 0 ° c .

A f t e r  th e  c l a y  w a s  c a l c in e d  a t 9 0 0 ° c ,  c r y s t a l in i t y  p e a k s  o f  

M g O  a n d  M g A l 2Û 4 ( s p in e l )  p h a s e s  w e r e  a ls o  o b s e r v e d  s im i la r  t o  D A - c l a y  a n d  P W 12- 
c la y .  In  a d d it io n ,  th e r e  a re  s o m e  p e a k s  o f  M g W 0 4  p h a s e  o c c u r r e d  a t th is  

t e m p e r a tu r e , in d ic a t in g  th e  p h a s e  o f  k e g g i n  in te r la y e r  io n s  in  t h is  p i l la r e d - c la y  w e r e  

c h a n g e d .  T h e  X R D  p a tte r n  o f  S i W ) 2- c la y  c a l c in e d  9 0 0 ° c  i s  s h o w n  in  F ig u r e  4 .6 ( b ) .
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(a )

(b )

Figure 4.6 X R D  p a tte r n s  o f  (a )  S i W ] 2 - c la y  d r ie d  a t 110°c, a n d  c a lc in e d  at 250, 
350, a n d  500°c, a n d  (b )  S i W ] 2- c la y  c a lc in e d  a t 9 0 0 ° C :  ( m )  M g ( O H ) 2 p h a s e ,  ( o )  

M g O  p h a s e ,  (ร ) s p in e l  p h a s e ,  a n d  ( พ )  M g W Û 4 p h a s e .
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4 .1 .3  S tr u c tu r e  M o d e l s  o f  P i l la r e d - c la y s
T h e  s tr u c tu r e  m o d e l s  o f  p i l la r e d - c la y  c a t a ly s t s  a t d i f f e r e n t  c a lc in a t io n  

t e m p e r a tu r e s  w e r e  p r o p o s e d  r e la te d  to  T G A  a n d  X R D .  F iv e  s tr u c tu r e  m o d e l s  w e r e  

s u g g e s t e d  in  o r d e r  to  r e p r e s e n t  d r ie d  p i l la r e d - c la y s ,  p i l la r e d - c la y  c a l c in e d  a t 2 5 0 ° c ,  

p i l la r e d - c la y  c a l c in e d  a t 3 5 0 ° c ,  p i l la r e d - c la y  c a l c in e d  a t 5 0 0 ° c ,  a n d  p i l la r e d - c la y  

c a lc in e d  a t 9 0 0 ° c  o f  D A - c l a y  a n d  k e g g i n - c la y s  ( P W 1 2 O 4 0  a n d  S i W i 20 4o).

F ig u r e  4 .7  s h o w s  th e  s tr u c tu r e  m o d e l s  o f  D A - c l a y  b a s e d  c a ta ly s t .  A t  

f ir s t ,  d r ie d  D A - c l a y  h a s  d e o x y c h o la t e  a n io n s  f o r m e d  a s  a  b i la y e r  in  th e  in te r la y e r ,  
a n d  th e  s p a c e  b e t w e e n  e a c h  a n io n  w a s  f i l l e d  w i t h  w a t e r  m o l e c u l e s  ( F ig u r e  4 .7 a ) .  
A f t e r  th a t , w a te r  lo c a t e d  a t s u r f a c e  a n d  in te r la y e r  o f  c l a y  s h e e t  w a s  l o s t  w h e n  th e  c la y  

w a s  c a lc in e d  a t 2 5 0 ° c ,  th e n  th e  c la y  s tr u c tu r e  b e c o m e  d e n s e r ,  a n d  d e c r e a s e  in  th e  d -  

s p a c in g  (F ig u r e  4 .7 b ) .  W h e n  th e  c l a y  w a s  c a l c i n e d  b e y o n d  3 0 0 ° c ,  i t  m ig h t  h a v e  

s ta r te d  to  l o s e  th e ir  t w o  la y e r s  o f  d e o x y c h o la t e  a n io n s  a n d  h y d r o x y  g r o u p s  f o r m in g  

n e w  c o m p o u n d s  o f  d e o x y c h o la t e ,  M g O  a n d  M g - A l - 0  g r o u p s  in  th e  p r o d u c t ,  t h e n  th e  

s tr u c tu r e  o f  t h is  c la y  s h o u ld  a p p e a r  in  h ig h e r  a m o r p h o u s  fo r m  ( F ig u r e  4 .7 c ) .  A f t e r  

t h e  c la y  w a s  c a lc in e d  a t 5 0 0 ° c ,  c o m p l e t e ly  a m o r p h o u s  s tr u c tu r e  f r o m  m ix e d  o x id e s  

w a s  s u g g e s t e d  ( F ig u r e  4 .7 d ) .  F in a l ly ,  c r y s t a l l in i t y  s p in e l  c o m p o u n d  w a s  fo r m e d  

m i x i n g  w i t h  th e  m ix e d  o x id e s  p r o d u c t  a t 9 0 0 ° c  (F ig u r e  4 .7 e ) .
T h e  s tr u c tu r e  m o d e l s  o f  th e  k e g g i n - c l a y s  ( P W 12O 40 a n d  S i W i 20 4o) 

w e r e  a ls o  p r o p o s e d ,  a n d  t h e y  are  s h o w n  in  F ig u r e  4 .8 .  D r ie d  k e g g i n - c la y  s h o w s  

k e g g i n  a n io n s  in  th e  in te r la y e r  s p a c e  w i t h  in te r la y e r  w a te r  (F ig u r e  4 .8 a ) .  A f t e r  th e  

c la y  w a s  c a lc in e d  a t 2 5 0 ° c ,  th e  c la y  s tr u c tu r e  b e c o m e  d e n s e r  ( F ig u r e  4 .8 b ) .  W h e n  

th e  c la y  w a s  c a l c in e d  a t 3 5 0 ° c ,  s o m e  la y e r  s tr u c tu r e s  w a s  lo s t  c r e a t in g  a m o r p h o u s  

m i x e d  o x id e  a r o u n d  th e  k e g g i n  a n io n s  (F ig u r e  4 .8 c ) .  T h e  a d d it io n a l  X R D  r e s u lt  

s h o w s  th a t k e g g i n  p h a s e  w a s  c h a n g e d  a t 5 0 0 ° c  ( F ig u r e  B l ) ,  t h e r e f o r e ,  c r e a te d  n e w  

k e g g i n  p h a s e  m i x i n g  w i t h  th e  m ix e d  o x id e s  p r o d u c t  ( F ig u r e  4 .8 d ) .  A t  9 0 0 ° c ,  th e  

s p in e l  c o m p o u n d s  a n d  n e w  c o m p o u n d s  fr o m  k e g g i n  d e f o r m a t io n  s u c h  a s  M g W 0 4 

w e r e  o c c u r r e d  in  th e  p r o d u c t  ( F ig g u r e  4 .8 e ) .
T h e r e f o r e ,  a ll  d r ie d  p i l la r e d - c la y s  s h o w  f o u r  d i f f e r e n t  p h a s e s  a t 2 5 0 ,  

3 5 0 ,  5 0 0 ,  a n d  9 0 0 ° c .  T h e s e  w o u ld  b e  th e  c a lc in a t io n  te m p e r a tu r e s  u s e  fo r  p r e p a r e  

c a t a ly s t s  in  th e  c a t a ly t ic  t e s t in g  part.
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D eo x y ch o la te  anion (D A ') ^ X T  Octahedral site

N e w  nhase form  o f  DA' Tetrahedral site

Figure 4 .7  Structure m od els o f  D A -c la y  at different tem peratures: (a) dried, (b) 
calcined  at 2 5 0 ° c , (c) ca lcined  at 3 5 0 °c , (d) calc in ed  at 5 0 0 °c , and (e) ca lcined  at 
9 0 0 ° c  (adapted from  Y on g  et al., 2001 for pillared-hydrotalcite-type d a y  cases).



27

K egg in  anion Octahedral site

N e w  k egg in  form  at 5 0 0 °c Tetrahedral site

Figure 4.8 Structure m od els o f  k egg in -c lay  (P W i2 -c lay  or S iW i2 -clay) at different 
temperatures: (a) dried, (b) calc in ed  at 2 5 0 ° c , (c) calcined  at 3 5 0 ° c , (d) ca lcined  at 
5 0 0 °c , and (e) calcined  at 9 0 0 ° c  (adapted from  Y on g  et a l ,  2001 for pillared- 
hydrotalcite-type clay cases).
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4 .1 .4  Surface M orphology o f  P illared-clays
The change in surface m orphology o f  p illared-clay  catalysts upon  

tem peratures w as studied by using SEM  technique.
The surface m orphology o f  dried and calc in ed  p illared-clay  catalysts  

w as show n in F igures 4 .9  to 4 .11 . A ll dried pillared c lays w ere found in cornflake  
shape o f  crystalline m orphology. A fter all pillared c lays w ere calc in ed  at 350  and 
5 0 0 ° c ,  sim ilar am orphous surface m orphology w as observed. Then, higher  
crytallinity w as recovered after the material w as further calcined  at 9 0 0 ° c .  This 
result agreed w ith  the w eigh t lo ss  and phase changes as described  in T G A  and X R D  
parts.
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Figure 4.9 Scanning electron micrographs at 7500X magnification of (a) DA-clay
dried, (b) DA-clay calcined at 350°c, (c) DA-clay calcined at 500 °c, and (d) DA-
clay calcined at 900 °c.
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Figure 4.10 Scanning electron micrographs at 7500X magnification of (a) PW12-
clay dried, (b) PWi2-clay calcined at 350°c, (c) PWi2-clay calcined at 500°c, and (d)
PWi2-clay calcined at 900°c.
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Figure 4.11 Scanning electron micrographs at 7500X magnification of (a) SiWi2-
clay dried, (b) SiWi2-clay calcined at 350°c, (c) SiWi2-clay calcined at 500°c, and
(d) SiWi2-clay calcined at 900°c.
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4.1.5 BET Surface Area. Total Volume, and Average Pore Diameter
BET technique was employed for determining BET surface area, pore 

volume, and average pore diameter of pillared-clay catalysts calcined at 350 and 
500°c. The results are shown in Figure 4.12, and tabulated in Appendix B. The 
surface area of these catalysts is in the range of 48.71 -  125.60 m2/g (Figure 4.12a). 
Pillared-clay calcined at 350°c showed surface area of around 48.71 -  78.99 m2/g. 
After they were calcined at 500°c, the surface area of about 107.9 -  125.60 m2/g was 
obtained, which is much larger than that calcined at 350°c. The BET surface area of 
all pillared-clay catalysts was exhibited in the same trend, indicating deformation of 
layer structure into more amorphous phases (as shown in part 4.1.2) might result in 
the increase in surface area. The pore volume of pillared-clay catalysts is between
0.14 and 0.26 cc/g (Figure 4.12b), and the average pore diameter is in the range of 
82.68-127.40 À (Figure 4.12c).
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Figure 4.12 BET characterization of all catalysts: (a) BET surface area, (b) pore 
volume, and (c) average pore diameter.
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4.2 SCR Catalytic Activity of Pillared-clay Catalysts

The SCR activities for the pillared-clay catalysts were examined at different 
temperatures in the range 150-450°c. The reactant mixture containing 1000 ppm 
NO, 1000 ppm NH3 , 2% O2 balanced with helium was fed to the reactor with the 
flow rate of 500 ml/min. The conversion was determined when NO concentration in 
the product was steady.

4.2.1 Effect of Phase Changes
The effects of phase changes to the activity and selectivity of 

pillared-clays catalysts were determined in this section. According to TGA and XRD 
results, all pillared-clay catalysts can be divided into 4 groups: (i) pillared-clay 
catalysts calcined at 250°c, (ii) pillared-clay catalysts calcined at 350°c, (iii) 
pillared-clay catalysts calcined at 500°c, and (iv) pillared-clay catalysts calcined at 
900°c.

4.2.1.1 Pillared-clay Catalysts Calcined at 250°c
Pillared-clay catalysts calcined at 250°c still possesed all of 

the pillared-clay characteristics as mentioned in TGA and XRD parts. This catalyst 
is represented as a pillared-clay with large d-spacing and crystallinity as same as 
dried pillared-clay. The activity of pillared-clay catalyst calcined 250°c was 
determined in the temperature range of 150-250°c. The NO conversion of these 
catalysts is shown in Figure 4.13(a). The NO conversion of DA-clay is about 2% at 
all testing temperatures while the others showed higher NO conversion of around 
6%.

The N2/N2O selectivity of pillared-clay catalysts calcined 
250°c is shown in Figure 4.13(b). The N2/N 20  selectivity of all catalysts was around 
99.5%. Thus, these pillared-clay catalysts exhibit no or little oxidation of NH3 
forming N20  in the tested temperature range (Yang et ai, 1992).
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Figure 4.13 SCR activity results of pillared-clay catalysts calcined at 250°C: (a) NO 
conversion and (b) N2/N2 O selectivity, at different reaction temperatures.

4.2.1.2 Pillared-clay Catalysts Calcined at 350°c
The pillared-clay catalysts at 350°c are represented as the 

intermediate between dried clay and mixed oxide state. At this calcination 
temperature, some parts of clay structure became mixed oxide (Mg-Al-O) and MgO, 
but clay characteristics were remained. The activity of catalysts calcined at 350°c 
was studied in the temperature range of 150-350°c. Figure 4.14(a) shows the NO 
conversion of these pillared-clay catalysts. The NO conversion of all catalysts was 
about 6% at all testing temperatures. The activity of DA-clay catalyst calcined at 
350°c significantly increased comparing to the one calcined at 250°c while the 
activity of the others was almost the same as the one calcined at 250°c.

The N2/N20  selectivity of pillared-clay catalysts calcined 
350°c was about 99.5% as same as these calcined at 250°c (Figure 4.14b).
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Figure 4.14 SCR activity of pillared-clay catalysts calcined at 350°C: (a) NO 
conversion and (b) N2/N2 O selectivity, at different reaction temperatures.

4.2.1.3 Pillared-clay Catalysts Calcined at 500°c
The pillared-clay at 500°c contained the mixed oxide phases 

without clay characteristics. Their activity was determined in the temperature range 
of 150-450°c. Figure 4.15(a) shows NO conversion of pillared-clay catalysts 
calcined at 500°c. About 11-14% NO conversion was obtained at 150-250°c for all 
pillared-clay catalysts. The activity of all catalysts increased significantly beyond 
300°c, and reached the highest activity at 450°c. At 450°c, PWi2-clay gave the
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highest NO conversion of 31.2%. DA-clay itself used as precursor of all catalysts 
gave 20% NO conversion, and SiWi2 -clay showed 26% NO conversion.

The N2/N2 O selectivity of these pillared-clay catalysts is 
shown in Figure 4.15(b). The N2 /N2 O selectivity of all catalysts was around 99.3 -  
99.8%.

Reaction Temperature (๐ C)
(a)

100

99ร?©\
>
J2 98c/2

97

96

0 DA-clay500 
•PWi2-clay500 

□ SiW 12-clay 500เ

150 200 250 300 350 400 450
Reaction Temperature (°c )

(b)

Figure 4.15 SCR activity of pillared-clay catalysts calcined at 500°C: (a) NO 
conversion and (b) N2 /N2O selectivity, at different reaction temperatures.
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4.2.1.4 Pillared-clay Catalysts Calcined at 900°c
The pillared-clay catalysts at 900°c represent the spinel 

phase and new crystalline phases that formed after deformation. The activity of 
pillared-clay catalysts calcined at 350°c was investigated in the temperature range of 
150-450°c. The NO conversion is shown in Figure 4.16(a). The NO conversion of 
DA-clay and SiWi2 -clay is around 7-10% at low temperatures (150-300°C). The 
PWi2 -clay gave the highest activity of 26% at 450°c. The N2/N2 O selectivity of all 
catalysts was around 99.1-99.9%. PWi2-clay and SiWi2 -clay showed lower 
selectivity at 400 and 450°c (Figure 4.14b).
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Figure 4.16 SCR activity of pillared-clay catalysts calcined at 900°C: (a) NO 
conversion and (b) N 2 /N 2 O selectivity, at different reaction temperatures.

4.2.1.5 Relationship between Activity and Catalyst Phases
The SCR activity of all pillared-clays are listed in Appendix 

B. The pillared-clay catalysts calcined at 500°c gave significantly higher activity 
than the others at all testing temperatures. The activity of pillared-clay catalysts 
decreased in the order of: pillared-clay catalysts calcined at 500°c > pillared-clay 
catalysts calcined at 900°c > pillared-clay catalysts calcined at 350°c > pillared-clay
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catalysts calcined at 250°c. The reasons for these observations might be explained in 
term of clay properties changing upon temperature.

When pillared-clays were heated at 250°c, they dehydrated, 
but the products still retained a layer structures and interlayer ions. Mostly, SCR 
activity of this phase might be contributed from interlayer ions between layers of 
each clay. The organic deoxycholate anions in DA-clay layers gave lowest activity 
even though it has the highest d-spacing.

It has been accepted that the Brans ted acidity is the most 
important property of catalyst in SCR of NO by NH3 (Cheng et al., 1996; Long and 
Yang, 1999; 2000a; 2000c). When pillared-clays were heated to 350°c, the 
interlayer, deoxycholate ions of DA-clay were removed causing some changes on 
layer structure. Moreover, dehydroxylation process causes the formation of MgO, 
and Mg-Al-O, and the Mg-Al-0 group is the source of Bransted acidity. The 
formation of Mg-Al-0 groups in all clay catalysts; therefore, promoted the SCR 
reaction and increased the activity of all catalysts, especially DA-clay one.

After all catalysts were calcined at 500°c, the number of 
Bransted acid sites might be increased by increasing the formation of Mg-Al-0 
groups from dehydroxylation process. Moreover, surface area and pore volume were 
increased by the deformation of layer structure (as shown in part 4.1.4). Thus, the 
activity of this phase was much higher than previous phases. In addition, new phase 
of keggin occurred at this temperature might promote the activity on PWi2 -clay and 
SiWi2 -clay at high reaction temperatures (300-450°C).

At 900°c, the result shows lower activity than catalysts 
calcined at 500°c. New phases such as spinel might affect the activity, and 
cacination at high temperature might also decrease the Bransted acidity on all clay 
catalysts, and then decreased the activity. The evolution of the pillared-clay structure 
described above is illustrated in Figures 4.7 and 4.8.
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4.2.2 Promoting Effect of Fe
Iron was loaded on pillared-clay catalysts calcined 500°c in order to 

determine the promoting effect of Fe. The comparison of activity of unloaded and 
5%Fe-loaded catalysts is shown in Figure 4.17. It was found that 5%Fe loading 
significantly increased NO conversion at temperature beyond 350°c. The highest 
40% NO conversion was achieved at 450°c on Fe-PWi2 -clay catalysts.

The N2/N2 O selectivity of all pillared-clay catalysts is shown in 
Figure 4.18. Most catalysts exhibit more than 99% N2/N2 O selectivity at all testing 
temperatures, indicating no or little amount of N2O was formed on Fe-loaded clay 
catalysts.

Cheng et al. (1996) suggested that both Fe=0 and Fe-OH, which are 
the Bronsted acid sites Fe2 0 3 /Cr2 0 3  on TiÛ2 catalyst were necessary for SCR 
reaction. The mechanism is illustrated in Figure 4.19. Therefore, it is reasonable to 
suggest that Fe-loading increases the Bronsted acidity of pillared-clay catalysts, and 
then enhances the activity.
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Figure 4.17 Comparison between unloaded and Fe-loaded pillared-clay catalysts: 
(a) DA-clay, (b) PW]2 -clay, and (c) SiWi2 -clay.
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Figure 4.18 N2 /N2O selectivity of all Fe-loaded pillared-clay catalysts at different 
reaction temperatures.
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Figure 4.19 Proposed mechanism of the SCR reaction on Fe-Cr/TiC>2 (Cheng et al., 
1996).
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4.2.3 Comparison between Clay-based Catalysts and the Commercial
Catalyst
The NO conversion and N2/N2O selectivity data of the commercial 

catalyst (4.4% V2O5 + 8.2% WCVTiCh) were taken from Long and Yang (1999a) for 
comparison. Figure 4.20 shows NO conversion and N2/N2 O selectivity of Fe-pillared 
clay catalysts and the commercial catalyst at 300-450°C. By comparison, the 
commercial catalyst gave higher NO conversion at all testing temperatures. 
However, NO conversion of the commercial catalyst decreased after passing though 
a maximum at 375°c. In addition, the N2 /N2 O selectivity for the commercial catalyst 
more decreased with increasing temperature of over 350°c. This observation 
indicated that NH3 oxidation by O2 occurred on the commercial catalyst resulting in 
the decrease in NO conversion at high temperatures (Yang et al., 1992). However, 
on the other hand, over 99% N2/N2 O selectivity was achieved over all Fe-pillared- 
clay catalysts at all testing temperatures.

Although the commercial catalyst gave high NO conversion, another 
toxic gas N2 O was generated over this catalyst at the commercial SCR operating 
temperature of 350 -  450°c. Therefore, the clay-based catalysts have high potential 
to be developed for using as catalysts in SCR process. Although their conversion 
may be lower than the commercial catalyst, the selectivity at operating temperatures 
is much higher. More amount may be needed to get higher conversion with still high 
selectivity.
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Figure 4.20 Catalytic activity comparison between the commercial catalyst and Fe- 
pillared-clay catalysts: (a) NO conversion and (b) N2/N2 O selectivity.
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