
C H A P T E R  IV
R E S U L T S  A N D  D IS C U S S IO N

R e s u l t s  o f  e a c h  t e s t  in  c h a r a c t e r iz a t io n  a n d  c a t a l y s t  a c t i v i t y  t e s t in g  are  

p r e s e n t e d  a n d  d i s c u s s e d  in  th is  c h a p te r . T h i s  c h a p te r  i s  o r g a n iz e d  a s  c h a r a c te r iz a t io n  

w it h  d i f f e r e n t  t e c h n iq u e s  a n d  s t e p s  o f  a c t iv i t y  t e s t i n g  a s  m e n t io n e d  in  C h a p te r  III. 
T h e  o u t c o m e s  o f  e a c h  c h a r a c t e r iz a t io n  a n d  a c t iv i t y  m e a s u r e m e n t  s t e p  a re  p r e s e n te d  

c o n s e c u t i v e l y  a f te r  th e  r e s u lt s .

4.1 C a ta ly s t  C h a r a c te r iz a tio n

In  d i f f e r e n t  s t e p s  i . e .  c a t a ly s t  p r e p a r a t io n , a c t i v i t y  t e s t i n g  a n d  a f te r  a c t iv i t y  

t e s t in g ,  c a t a ly s t s  w e r e  c h a r a c t e r iz e d  to  o b t a in  s u p p o r t iv e  in f o r m a t io n  fo r  e v a lu a t in g  

p r e p a r a t io n  p a r a m e t e r s  a n d  c a t a ly t ic  p e r f o r m a n c e .  R e s u l t s  o f  e a c h  c h a r a c te r iz a t io n  

a re  p r e s e n t e d  in  t h e  f o l l o w i n g  s e c t io n s .

4 .1 .1  T G  - D T G  A n a l y s i s
T h e r m o  g r a v im e t r ic  a n a ly s i s  w a s  d o n e  p r io r  to  c a l c i n a t i o n  o f  s e l e c t e d  

c a t a ly s t s  fo r  t h e  p u r p o s e  o f  d e t e r m in in g  t h e  p r e c u r s o r  s a l t  d e c o m p o s i t i o n  

t e m p e r a tu r e s .  T h e  t e s t  w a s  c a r r ie d  o u t  w i t h  T G A  in s t r u m e n t  in  N 2 a n d  O 2 

e n v ir o n m e n t ,  w h i c h  is  a lm o s t  e q u iv a le n t  to  t h e  c o m p o s i t io n  o f  a ir  ( 7 9  %  N 2 a n d  

21  %  0 2). T h e  te m p e r a tu r e  p r o g r a m  fr o m  r o o m  te m p e r a tu r e  to  7 0 0  ° C  w a s  u s e d  w ith  

a  h e a t in g  r a te  o f  1 0  ๐c / m i n .
T G  - D T G  r e s u lt s  fo r  F e /K L  z e o l i t e  a n d  F e P t /K L  z e o l i t e  c a t a ly s t s  a re  

p r e s e n t e d  in  F ig u r e  4 .1 .  A s  s h o w n ,  th e  p r e s e n c e  o f  P t in  F e /K L  z e o l i t e  p r o m o t e s  th e  

F e  p r e c u r s o r  d e c o m p o s i t i o n .  F e /K L  z e o l i t e  s h o w s  s ig n i f i c a n t  w e i g h t  l o s s  u p  to  

5 0 0  ๐c ,  s u g g e s t i n g  th a t  c a lc in a t io n  a f te r  I W I  h a s  t o  b e  p e r f o r m e d  a t 5 0 0  ๐c  o r  a b o v e .  
T h e  F e P t /K L  e x h i b i t s  m u c h  lo w e r  d e c o m p o s i t i o n  te m p e r a tu r e  a s  c o m p l e t e  w e ig h t  

l o s s  w a s  o b s e r v e d  a t 3 5 0  °c. E v e n  t h o u g h  it  s h o w s  a  d e c r e a s e  in  d e c o m p o s i t io n  

t e m p e r a tu r e ,  5 0 0  °c  w a s  u s e d  a s  c a l c in in g  te m p e r a tu r e  fo r  b o t h  t y p e s  o f  c a ta ly s t s .
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F ig u re  4.1 T G - D T G  r e s u l t s  fo r  F e /K L  a n d  F e P t /K L  c a t a ly s t s .

4 .1 .2  T e m p e r a tu r e  P r o g r a m m e d  R e d u c t io n  O  P R )
A  s e r ie s  o f  T P R  t e s t s  w e r e  c a r r ie d  o u t  fo r  d i f f e r e n t  c a t a ly s t s  in  o r d e r  

t o  o b s e r v e  t h e  r e d u c ib i l i t y  o f  e a c h  m e ta l  s p e c i e s  in  th e  c a t a ly s t .  T P R  t e s t s  w e r e  

c a r r ie d  o u t  w i t h  m ic r o m e t r ic  te m p e r a tu r e  p r o g r a m m e d  r e d u c t io n  ( T P R )  a p p a r a tu s  

e q u ip p e d  w i t h  T C D  b y  u s i n g  H 2 ( 1 0  c m 3/m in  fo r  a r o u n d  5 0  m g  o f  e a c h  c a t a ly s t )  a s  

r e d u c in g  a g e n t  a n d  t e m p e r a tu r e s  30 °c t o  800 °c. P t /K L , F e /K L ,  F e P t /K L  a n d  

p h y s ic a l l y  m i x e d  F e /K L  a n d  P t /K L  c a t a ly s t s  w e r e  t e s t e d .  T h e  r e s u l t s  a re  p r e s e n t e d  in  

F ig u r e  4 .2 .
A c c o r d in g  t o  th e  T P R  a n a ly s i s  it  s h o w s  th a t  F e  o x i d e  o n  K L  z e o l i t e  

w a s  r e d u c e d  g iv i n g  th r e e  p e a k s  a t 4 2 0 ,  6 0 0 ,  a n d  8 0 0  ๐c  w h i c h  s u g g e s t  th a t th e  

r e d u c t io n  f o l l o w  th r o u g h  F e 2 Û 3 F e 3 C>4 , F e O  t o  a - F e  a s  s h o w n  in  F ig u r e  4 .2  ( Z i l in s k i  

et a l ,  2 0 1 0 ) .  H e r e  in  t h i s  c a s e ,  t h e  t e m p e r a tu r e  w a s  in c r e a s e d  w i t h  th e  ra te  o f  

1 0  ๐c / m i n  a n d  h e n c e  p e a k s  h a v e  b e e n  m o v e d  t o  h ig h e r  t e m p e r a tu r e s .  T h e  

t e m p e r a tu r e  o f  4 0 0  ๐c  w a s  u s e d  a s  th e  r e d u c t io n  te m p e r a tu r e  a s  u s e d  in  m o s t  o f  th e  

l ite r a tu r e  w i t h  F e  b a s e d  c a t a ly s t s  w i t h  a lm o s t  a ll  th e  s u p p o r ts .
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In  a d d it io n ,  in  t h e  c a s e  o f  0 .5 P t /K L  c a t a ly s t s ,  t w o  k e y  p e a k s  w e r e  

o b s e r v e d  a r o u n d  2 8 0  a n d  4 0 0  °c, w h i c h  c o u ld  b e  r e la te d  t o  P t+ a n d  P t2+ F u r th e r , in  

th e  c a s e  o f  F e P t /K L ,  o n l y  th r e e  k e y  p e a k s  w e r e  o b s e r v e d  a r o u n d  2 0 0 ,  3 5 0 ,  a n d  

6 0 0  °c, w h i c h  c o u l d  b e  m a in ly  r e la te d  t o  F e ,  a n d  p e a k s  r e la te d  t o  P t  c o u ld  b e  

o v e r la p p e d  w i t h  n e w  F e  p e a k s .  T h e  p e a k  lo c a t io n s  h a v e  b e e n  s h i f t e d  to  lo w e r  

te m p e r a tu r e s  a n d  t h is  c o u ld  b e  d u e  t o  t h e  p r o m o t io n  o n  r e d u c t io n  o f  F e  s p e c i e s  b y  

th e  a v a i la b le  P t s i t e s .
In  t h e  c a s e  o f  p h y s i c a l l y  m i x e d  c a t a ly s t s ,  a  s h i f t  o f  p e a k s  to  lo w e r  

t e m p e r a tu r e s  w a s  o b s e r v e d  b u t  th e  s h i f t  i s  l o w e r  th a n  th e  c a s e  o f  c o - im p r e g n a t io n .  
T h is  b e h a v io r  c o u l d  b e  d u e  t o  th e  u n a v a i la b i l i t y  o f  P t  a n d  F e  in  th e  s a m e  o r  m u c h  

c l o s e r  s i t e s .  In  b o t h  t h e  c a s e s  it  c a n  b e  c o n c lu d e d  th a t  t h e  a v a i la b le  P t  p r o m o t e  th e  

r e d u c t io n  o f  F e  s p e c ie s .

F ig u re  4 .2  T P R  r e s u l t s  fo r  F e  a n d  P t  b a s e d  c a t a l y s t s  s u p p o r t e d  o n  K L  z e o l i t e .
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4 .1 .3  N i t r o g e n  A d s o r p t io n /D e s o r p t io n  A n a l y s i s
N i t r o g e n  a d s o r p t io n /d e s o r p t io n  w a s  c a r r ie d  o u t  in  o r d e r  t o  d e te r m in e  

th e  s u r f a c e  a r e a  a n d  p o r e  v o lu m e  o f  c a t a ly s t s  b y  u s i n g  m ic r o s p o r e  a n a ly s i s .  
Q u a n t a c h r o m e  A u t o s o r b  1 M P  in s tr u m e n t  w a s  u s e d  f o r  a n a ly s i s .  A s  in  t h e  p r o c e d u r e  

fo r  th e  in s tr u m e n t ,  s a m p le  tu b e  w a s  o u t g a s s e d  a t  1 5 0  ๐c  a n d  t h e  c a t a l y s t  s a m p le s  

w e r e  o u t g a s s e d  a t 3 0 0  ๐c  fo r  m o r e  th a n  8  h  p r io r  t o  t h e  N 2 a d s o r p t io n  a t l iq u id  N 2 

te m p e r a tu r e .
K L  z e o l i t e ,  0 .5 P t /K L  a n d  9 .5 F e /K L  w e r e  t e s t e d  to  o b s e r v e  th e  i n f l u e n c e  o f  F e  o r  P t 

a d d it io n  o n  p o r e  v o lu m e .  B E T  s u r f a c e  a r e a  a n d  p o r e  v o l u m e  d a ta  w e r e  o b s e r v e d  to  

d e t e r m in e  th e  i n f lu e n c e  o f  m e ta l  a d d it io n  o n  p o r e  b l o c k a g e .  B E T  s u r f a c e  a r e a  

a n a ly s i s  fo r  F e C o K  c a t a ly s t  w a s  a l s o  c o n d u c t e d  t o  o b s e r v e  th e  s u r f a c e  a rea . T h e  

r e s u lt s  fo r  K L  z e o l i t e ,  9 .5 F e /K L ,  0 .5 P t /K L ,  a n d  F e C o K  c a n  b e  p r e s e n t e d  a s  in  T a b le  

4 .1 .

T a b le  4.1 B E T  m e a s u r e m e n t  r e s u lt s  o f  K L  s u p p o r t ,  9 .5 F e /K L ,  0 .5 P t / K L  a n d  F e C o K  

c a t a ly s t s

C a ta ly s t B E T  S u r fa c e  
a r e a  ( c m 2/ g )

T o ta l  P o r e  
v o lu m e  ( c m 3/ g )

C u m u la t iv e  p o r e  
v o l .  S F  ( c m  / g )

C u m u la t iv e  p o r e  
v o l .  D F T  ( c m 3/ g )

K L
s u p p o r t 3 8 9 .2 0 .3 7 5 6 0 .1 9 9 8 0 .2 2 8 4

9 .5 F e /K L 4 6 .2 9 0 .2 0 9 6 0 . 0 2 1 4 0 .0 7 4 8

0 .5 P t /K L 2 7 0 .9 0 .2 8 3 8 0 . 1 3 9 0 0 .1 6 1 3

F e C o K 3 6 .4 4 — — - -

A s  in d ic a t e d  in  T a b le  4 .1 ,  th e  s u r f a c e  a r e a  o f  K L  z e o l i t e  i s  d r a s t ic a l ly  

d r o p p e d  w i t h  im p r e g n a t io n  o f  9 .5  p e r c e n t  o f  F e  o n  it ,  g i v i n g  a n  e v i d e n c e  o f  b lo c k in g  

th e  p o r e s ,  w h i c h  m a in ly  c o n t r ib u t e  to  th e  s u r f a c e  a r e a  o f  z e o l i t e .  In  a d d it io n ,  th e  

in c r e a s e  in  t h e  a v e r a g e  p o r e  d ia m e t e r  in d ic a t e s  th a t  o n l y  la r g e r  p o r e s  r e m a in e d  

u n b lo c k e d  w h e n  9 .5 %  o f  F e  in  th e  c a t a ly s t .  In  th e  c a s e  o f  0 .5 %  o f  P t a d d it io n ,  it w a s  

o b s e r v e d  th a t s ig n i f ic a n t  p o r t io n  o f  p o r e s  i s  a v a i la b le  u n b lo c k e d .  T h e  p lo t  b e t w e e n  

p o r e  w id t h  a n d  c u m u la t iv e  s u r f a c e  a r e a  a n d  p o r e  v o l u m e  ( N L D F T )  c l e a r ly  in d ic a t e s  

th a t  p o r e s  h a v in g  d ia m e te r  l e s s  th a n  0 .8 5  n m  ( 0 . 6 5 - 0 . 8 5  n m )  g o v e r n  th e  m a jo r
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p o r t io n  o f  K L  z e o l i t e  s u r f a c e  a r e a  a n d  th e  p o r e  v o lu m e .  A s  i n d ic a t e d  in  F ig u r e  4 .3 ,  

th e  c o n t r ib u t io n  fr o m  p o r e s  h a v in g  d ia m e te r  o f  l e s s  th a n  0 .8 5  n m  i s  d r a s t ic a l ly  

r e d u c e d  in  th e  c a s e  o f  9 .5 F e /K L  c a t a ly s t  p r o v id in g  fu r th e r  e v i d e n c e  o f  p o r e  

b lo c k a g e .  0 .5 P t /K L  s e e m s  c a r r y in g  s ig n i f ic a n t  a m o u n t  o f  u n b lo c k e d  p o r e s .

F ig u re  4 .3  N 2 a d s o r p t io n /d e s o r p t io n  r e s u lt s  ( a )  C u m u la t iv e  p o r e  v o lu m e  ( N L D F T )  

w it h  p o r e  w id th ;  (b )  C u m u la t iv e  s u r f a c e  a r e a  ( N L D F T )  w i t h  p o r e  w id t h .

N 2 a d s o r p t io n /d e s o r p t io n  a n a ly s i s  f o r  F e C o K  c a t a ly s t  w a s  a ls o  

c o n d u c t e d  to  c h e c k  w h e t h e r  th e  s u r f a c e  a r e a  o f  c a t a ly s t  is  s u f f i c i e n t  f o r  e f f e c t i v e  F T  

s y n t h e s is .  In  th e  s u r f a c e  a r e a  a n a ly s i s  fo r  t h e  c a l c i n e d  F e C o K  c a t a ly s t  w i t h  

Q u a n t a c r o m e  A u t o s o r b  I M P  in s tr u m e n t ,  th e  s u r f a c e  a r e a  o f  t h e  c a t a ly s t  w a s  

o b s e r v e d  a s  3 6 .4 4  m 2/ g  a s  s h o w n  in  T a b le  4 .1 .  T h i s  in f o r m a t io n  g i v e s  e v i d e n c e  th a t  

F e C o K  c a t a ly s t  s a t i s f i e s  th e  r e q u ir e m e n t  o f  s u r f a c e  a r e a  fo r  F T  s y n t h e s i s .
T h e  s u r f a c e  a r e a  o f  F e C o K  c a t a ly s t s  s h o u ld  b e  g r e a te r  th a n  5 m 2/ g  f o r  c a l c i n e d  s ta te  

to  o b t a in  b e t te r  p e r f o r m a n c e  fo r  p r o d u c t io n  o f  h y d r o c a r b o n  c o n t a i n in g  C 2- C 20 o l e f in s  

in  F T  s y n t h e s i s  ( S o l e d  et a l ,  1 9 8 5 ) .

4 . 1 .4  X - R a y  D i f f r a c t io n  ( X R D )
X R D  a n a ly s i s  w a s  c a r r ie d  o u t  fo r  d i f f e r e n t  c a t a ly s t s  to  o b s e r v e  th e  

c r y s t a l l in e  fo r m  o f  e a c h  c a ta ly s t .  X R D  a n a ly s i s  w a s  c o n d u c t e d  b e f o r e  a n d  a f te r  th e  

a c t iv i t y  t e s t in g  to  o b s e r v e  th e  fo r m a t io n  o f  c a r b id e  p h a s e s  in  th e  r e a c t io n  a n d  to
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o b s e r v e  t h e  fo r m  o f  o x i d e  p r e s e n t  a f te r  c a lc in a t io n .  In  a d d it io n ,  a n o th e r  o b j e c t i v e  o f  

th is  a n a ly s i s  w a s  to  o b s e r v e  th e  p r e s e n c e  o f  u n r e d u c e d  o x i d e s  a f te r  th e  r e a c t io n  

w h i c h  c a n  b e  a f f e c t e d  to  th e  v a r ia t io n s  in  th e  a c t iv i t y  o f  d i f f e r e n t  c a t a ly s t s .
T h e  X R D  a n a ly s i s  f o r  F e /K L  a n d  F e C o K  c a t a ly s t s  b e f o r e  a n d  a fte r  

r e a c t io n  w a s  c o n d u c t e d  f r o m  2 0  o f  1 0 .0 °  to  8 0 .0 °  w i t h  0 .0 2 °  s t e p s  w i t h  D 8  a d v a n c e  

x - r a y  d i f f r a c t io n  in s t r u m e n t  a n d  th e  p r o f i l e s  a re  p r e s e n t e d  in  F ig u r e s  4 .3  a n d  4 .4 .

29 (degree)

F ig u re  4 .4  X R D  p r o f i l e s  o f  F e /K L  c a t a ly s t s  b e f o r e  a n d  a f te r  r e a c t io n .

W ith  th e  a n a ly s i s ,  it  i s  c le a r  th a t  th e  m a in  c o m p o n e n t  in  c a lc in e d  

c a t a ly s t s  i s  h e m a t i t e  (F ea C L ) a n d  in  th e  s a m e  c a t a ly s t  a f te r  r e a c t io n  a t 4 0 0  ๐c  s h o w s  

th e  p r e s e n c e  o f  ir o n  c a r b id e  p h a s e s  m a in ly  x - c a r b id e  ( F e 5 C 2) a f t e r  r e a c t io n .  It i s  a  

m ix t u r e  o f  s p e c i e s  w h i c h  are  n o t  m o s t  a c t iv e  fo r  F T  s y n t h e s is .
A c c o r d in g  to  th e  X R D  p r o f i l e s  p r e s e n t e d  in  F ig u r e  4 .5  f o r  F e C o K  

c a t a ly s t ,  it i s  o b s e r v e d  th a t  th e  c a l c in a t io n  te m p e r a tu r e  in  th e  s e c o n d  s t e p  (a f t e r  K  

im p r e g n a t io n )  h a s  n o  s ig n i f ic a n t  im p a c t  o n  th e  fo r m  o f  ir o n  o x i d e s  p r e s e n c e  s h o w in g  

e q u a l  p a tte r n  o f  X R D  p r o f i l e s .  In th e  c a s e  o f  a f te r  th e  r e a c t io n ,  th e  o x id e  p h a s e s  

d is a p p e a r e d  w h i l e  n e w  p h a s e s  e m e r g e .  T h e  n e w  p h a s e s  e m e r g e d  c o n s i s t  o f  d if f e r e n t  

c a r b id e s  a s  F e 5C 2 a n d  F e 7C 3 t o g e t h e r  w it h  Ot-Fe w h ic h  i s  g o o d  c o m b in a t io n  fo r  F T



3 4

a c t iv i t y  a s  c o n c lu d e d  b y  L in d e  D . a n d  h i s  c o - w o r k e r s .  T h is  c o u l d  b e  id e n t i f i e d  a s  th e  

r e a s o n  fo r  b e t t e r  F T  a c t iv i t y  o f  F e C o K  c a t a ly s t  c o m p a r e d  t o  F e /K L .  M a g n e t i t e  is  a ls o  

p r e s e n t  in  th e  s p e n t  c a t a ly s t ,  w h ic h  m a y  b e  d u e  to  p o o r  p r e s e r v in g  o f  th e  s a m p le  

b e f o r e  X R D  a n a ly s i s .

F ig u re  4 .5  X R D  p r o f i l e s  fo r  F e C o K  c a t a ly s t s  w i t h  d i f f e r e n t  c a l c in a t io n s  

t e m p e r a tu r e s  a n d  a f t e r  r e a c t io n  at 3 1 0  ๐c  ( * )  F e 2 C>3 ( 0 )  F e 3Û 4 (♦ ) C o F e C >4 (V ) F e 7C 3 

( T ) F e 5C 2 ( * ) a - F e .

4 .1 .5  T e m p e r a tu r e  P r o g r a m m e d  O x id a t io n  ( T P O )
T P O  t e s t s  w e r e  c a r r ie d  o u t  to  d e t e r m in e  t h e  a m o u n t  a n d  p r o p e r t ie s  o f  

c o k e  fo r m e d  in  th e  r e a c t io n .  A l l  s p e n t  c a t a ly s t s  w e r e  a n a ly z e d  b y  u s in g  th e  

in s tr u m e n t ,  w h i c h  c o n s i s t s  o f  a  m e th a n a to r  to  c o n v e r t  C 0 2 p r o d u c e d  to  m e t h a n e  a n d  

a n  o n l i n e  F I D  t o  d e t e c t  it. C o k e  d e p o s i t e d  o n  th e  c a t a ly s t  w a s  b u rn t w i t h  2 %  O 2 in  

H e .
T P O  a n a ly s i s  w a s  c a r r ie d  o u t  fo r  d i f f e r e n t  s e r i e s  o f  c a t a ly s t s  a n d  th e  

p r o f i l e s  w e r e  p lo t t e d  in  s e p a r a te  g r a p h s  d e p e n d in g  o n  th e  r e q u ir e m e n t  o f  a n a ly s i s .  
F e /K L  z e o l i t e  w e r e  t e s t e d  fo r  F T  a c t iv i t y  a t d i f f e r e n t  te m p e r a tu r e s  a n d  th e  T P O  

p r o f i l e s  fo r  th r e e  d i f f e r e n t  t e m p e r a tu r e s  i s  p r e s e n t e d  in  F ig u r e  4 .6  a n d  to ta l  c a r b o n
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c o n t e n t  in  e a c h  c a t a ly s t  i s  p r e s e n t e d  in  T a b le  4 .2 .  A c c o r d in g  t o  t h e  r e s u lt s  it  c a n  b e  

o b s e r v e d  th a t  t h e  c o k e  d e p o s i t e d  o n  c a t a ly s t s  a f te r  r e a c t io n  a t 2 4 0  °c a n d  3 0 0  ๐c are  

b u rn t a t a r o u n d  3 7 5  °c w h i l e  th e  b u r n in g  o f  c o k e  fo r  r e a c t io n  a t 4 0 0  °c a p p e a r s  

a r o u n d  5 2 5  °c. T h is  g i v e s  e v i d e n c e  o f  f o r m in g  d i f f e r e n t  t y p e s  o f  c o k e  b y  F T  

s y n t h e s i s  a t 4 0 0  °c.

"Fe/KL at 240 °c .......Fe/KL at 300 "C ------- Fe/KL at 400 0

F ig u re  4 .6  T P O  p r o f i l e s  fo r  F e /K L  z e o l i t e  c a t a l y s t s  a f te r  F T  r e a c t io n  a t d i f f e r e n t  

te m p e r a tu r e s  (P  =  1 a tm , G F I S V  =  6 ,0 0 0  c m 3/g .h ,  H 2/ C O  =  1 .5 ) .

T a b le  4 .2  c c o n t e n t  in  s p e n t  9 .5 F e /K L  c a t a ly s t s  a f te r  F T  r e a c t io n  a t 2 4 0 ,  3 0 0  a n d  

4 0 0  °c ( T O S  =  3 6 0  m in ,  p  =  1 a tm , G H S V  =  6 ,0 0 0  c m 3/g .h ,  H 2/ C O  =  1 .5 )

R e a c t io n  te m p e r a tu r e(๐๑ c c o n t e n t  in  s p e n t  c a t a ly s t  
( w t .  % )

2 4 0 3 .6 2
3 0 0 4 .5 6
4 0 0 2 5 .1 9

3 m is,?'? 5
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B a s e d  o n  th e  c c o n t e n t  in  c a t a ly s t  f r o m  T P O  a n a l y s i s ,  it i s  o b s e r v e d  

th a t  c c o n t e n t  in  c a t a ly s t  i s  in c r e a s e d  w it h  in c r e a s in g  r e a c t io n  t e m p e r a tu r e .  T h is  is  

a ls o  in  l in e  w i t h  h ig h  C O 2 p r o d u c t io n  at h ig h  t e m p e r a tu r e  w h i c h  c a n  b e  p r o d u c e d  b y  

B o u n d a r d  r e a c t io n  ( 2 C O  ->  C O 2 +  C ).
T P O  p r o f i l e s  o f  c o - im p r e g n a t e d  9 .5 F e 0 .5 P t / K L  c a t a ly s t  a n d  9 .5 F e /K L  

p h y s ic a l l y  m i x e d  w i t h  0 .5 P t /K L  a f te r  s y n g a s  a r o m a t iz a t io n  a t 4 0 0  °c a n d  F e /K L  

c a t a ly s t  a f te r  F T  s y n t h e s i s  a t 4 0 0  °c a re p r e s e n t e d  in  F ig u r e  4 .7 .  It c a n  b e  o b s e r v e d  

th a t  th e . s a m e  fo r m  o f  c o k e  i s  f o r m e d  in  b o th  9 .5 F e /K L  a n d  p h y s ic a l l y  m ix e d  

c a t a ly s t ,  w h i c h  i s  b u r n t  a b o v e  5 0 0  °c w h i l e  a n o t h e r  t y p e  o f  c o k e  is  fo r m e d  o n  

9 .5 F e 0 .5 P t / K L  c o - im p r e g n a t e d  c a t a ly s t ,  w h ic h  i s  b u rn t b e l o w  4 0 0  °c. In  a d d it io n ,  it 

c a n  b e  o b s e r v e d  th a t  s l i g h t  r e d u c t io n  o f  c b u r n in g  te m p e r a tu r e  fo r  p h y s i c a l l y  m ix e d  

c a t a ly s t  th a n  p u r e  9 .5 F e /K L  s u g g e s t i n g  th a t a v a i la b le  P t h a s  g i v e n  s o m e  p r o m o t io n a l  

e f f e c t  o n  c o x id a t io n .  T h e  lo w e r  t e m p e r a tu r e  o f  c b u r n in g  f o r  c o - im p r e g n a t e d  

c a t a ly s t  c â n  a l s o  b e  d u e  to  th e  r e a s o n  o f  p r o m o t io n  fr o m  a v a i l a b l e  P t c l o s e r  to  F e  

s i t e s .

0 100 200 300 400 500 600 700
Temperature -c

------9.5Fe0.5Pt/KL at 400 °c ........Physical mix 9.5Fe/KL+0.5Pt/KL ....... Fe/KL at 400* c

F ig u re  4 .7  T P O  p r o f i l e s  fo r  c o - im p r e g n a t e d ,  p h y s ic a l l y  m i x e d  a n d  p u r e  F T  c a ta ly s t  

a fte r  r e a c t io n  at 4 0 0  °c ( T O S  =  3 6 0  m in , p  =  1 a tm , G H S V  =  6 . 0 0 0  c m 3/ g .h ,  H 2/C O  

=  1 .5 ) .
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A c c o r d in g  t o  t h e  c a l c u la t io n s  o f  c c o n t e n t ,  i t  c a n  b e  o b s e r v e d  th a t  

c o k e  f o r m a t io n  i s  t h e  h i g h e s t  f o r  9 .5 F e /K L  c a t a ly s t  w i t h  2 5 .1 9  w t .%  o f  c w h i l e  

p h y s ic a l l y  m i x e d  a n d  c o - im p r e g n a t e d  c a t a ly s t s  s h o w e d  l o w e r  c c o n t e n t  h a v in g  13.27 
a n d  5 .4 8  w t .%  r e s p e c t i v e ly  a s  p r e s e n t e d  in  T a b le  4 .3 .

T a b le  4 .3  c c o n t e n t  in  s p e n t  a f te r  c a t a ly s t s  a f t e r  F T  a n d  a r o m a t iz a t io n  r e a c t io n s  at 

4 0 0  ๐C  ( T O S  =  3 6 0  m in ,  p  =  1 a tm , G H S V  =  6 ,0 0 0  c m 3/g .h ,  H 2/ C O  =  1 .5 )

C a ta ly s t c c o n t e n t  in  s p e n t  c a t a l y s t  ( w t .  % )

9 .5 F e /K L  ( im p r e g n a t e d ) 2 5 .1 9
9 . 5 F e / K L + 0 .5 P t /K L  ( p h y s ic a l  m i x ) 1 3 .2 7
9 .5 F e 0 .5 P t / K L  ( c o - im p r e g n a t e d ) 5 .4 8

Temperature •c
FeCoK ------44ZFeCoK •■■■■... 67ZFeCoK ....... 75ZFeCoK

F ig u r e  4 .8  T P O  p r o f i l e s  f o r  F e C o K  a f te r  F T  r e a c t io n  a n d  p h y s i c a l l y  m ix e d  F e C o K  

a n d  H Z S M 5  h y b r id  c a t a ly s t s  a f te r  s y n g a s  a r o m a t iz a t io n  r e a c t io n  a t 3 1 0  °c (P  =  

2 0 b a r ,  G H S V  =  4 , 8 0 0  c n r V g .h , H 2/ C O  =  1 .5 ,  a n d  T O S  =  4 3 0  m in ) .
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F u r th e r , s e r i e s  o f  T P O  t e s t s  w e r e  c o n d u c t e d  f o r  p h y s ic a l l y  m ix e d  

F e C o K  a n d  H Z S M 5  h y b r id  c a t a ly s t s ,  w h i c h  c o n t a in s  d i f f e r e n t  a m o u n t  o f  H Z S M 5 .  
A c c o r d in g  to  th e  p r o f i l e s  w h i c h  a re  p r e s e n t e d  in  F ig u r e  4 .8 ,  i t  i s  o b s e r v e d  th a t  it  h a s  

m o r e  th a n  o n e  t y p e  o f  c o k e  in  c a t a ly s t  w h e n  it  c o m b i n e d  w i t h  H Z S M 5 .  T h e  s h o u ld e r  

in  th e  r ig h t  ta i l  o f  t h e  p e a k ,  w h i c h  l i e s  a r o u n d  5 5 0  ๐c  i s  p r o v id in g  e v i d e n c e  fo r  th is .  
It c a n  b e  c o n c lu d e d  th a t  t h e  p e a k  b e l o w  5 0 0  °c s h o u ld  b e  r e la t e d  to  F e C o K  c a t a ly s t  

a n d  th e  s h o u ld e r  s h o u ld  b e  r e la te d  to  th e  H Z S M 5  a r o m a t iz a t io n  c a t a ly s t .

Table 4.4 c c o n t e n t  in  s p e n t  c a t a ly s t s  a f t e r  F T  a n d  a r o m a t iz a t io n  r e a c t io n s  a t 3 1 0  ๐c 
( T O S  =  4 3 0  m in ,  p  =  2 0  b a r , G H S V  =  4 , 8 0 0  c m 3/g .h ,  H 2/C O  =  1 .5 )

C a ta ly s t c c o n t e n t  in  s p e n t  c a t a ly s t  
( w t .  % )

F e C o K 8 6 .5 8

H y b r id  c a t a ly s t  ( 4 4 Z F e C o K ) 5 1 .9 1

H y b r id  c a t a ly s t  ( 6 6 Z F e C o K ) 31.74
H y b r id  c a t a ly s t  ( 7 5 Z F e C o K ) 2 3 . 5 4

T h e  c c a lc u la t io n  in  T a b le  4 .4  s h o w e d  a  d e c r e a s e  in  c c o n t e n t  w h e n  

th e  H Z S M 5  in c r e a s e s  s u g g e s t i n g  th a t  c o k e  f o r m a t io n  is  m a in l y  in  th e  F T  c a t s ly s t .  
T h e  d e c r e a s e  o f  c i s  d u e  to  th e  d i lu t io n  o f  s p e n t  F e C o K  c a t a ly s t  w i t h  H Z S M 5  in  th e  

p h y s ic a l  m ix t u r e .

4 . 1 .6  S c a n n in g  E le c t r o n  M ic r o s c o p y  w i t h  E n e r g y  D i s p e r s i v e  X - r a y  ( S E M -  

E D X )
S c a n in g  e le c t r o n  m i c r o s c o p y  i s  u s e d  t o  o b s e r v e  t h e  m o r p h o lo g y  o f  th e  

c a t a ly s t s .  It w a s  s p e c ia l ly  c o n d u c t e d  fo r  F e C o K  c a t a ly s t  t o  o b s e r v e  t h e  s u r f a c e  

b e h a v io r  b e c a u s e  it w a s  s y n t h e s iz e d  b y  C P  t e c h n iq u e .  S E M - E D X  a ls o  c o n d u c t e d  to  

o b s e r v e  th e  m e t a l  c o n t e n t s  o f  th e  c a t a ly s t  a r o u n d  th e  s u r f a c e  a n d  to  m a p  th e  m e ta l  
d is t r ib u t io n  w i t h  H i t a c h i / S - 4 ,8 0 0  in s tr u m e n t .  S E M  i m a g e s  fo r  F e C o K  a re  p r e s e n te d  

in  F ig u r e  4 .9  w i t h  d i f f e r e n t  m a g n i f i c a t io n s .
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F ig u re  4 .9  S E M  im a g e s  o f  F e C o K  c a t a ly s t  s y n t h e s i z e d  b y  c o - p r e c ip i t a t io n  

t e c h n iq u e  w i t h  g l y c o l i c  a c id  to  fo r m  h ig h  s u r f a c e  a r e a  w i t h  c a l c i n a t i o n s  a t 3 5 0  ๐c  

a n d  c a lc in e d  4 0 0  °c a fte r  K  im p r e g n a t io n .

W it h  t h e  im a g e s ,  it  c a n  b e  o b s e r v e d  th a t  t h e  c a t a l y s t  is  h i g h l y  p o r o u s  

w h ic h  g iv e  s u f f i c i e n t  s u r f a c e  a r e a  f o r  F T  r e a c t io n .  T h i s  i s  in  l in e  w i t h  th e  b e t te r  

s u r f a c e  a r e a  o f  3 6 .4 4  c m 2/ g  o b t a in e d  in  B E T  i s  g r e a te r  th a n  5  c m 2/ g ,  w h i c h  is  

r e q u ir e d  fo r  s ig n i f i c a n t  F T  r e a c t io n  a c t iv i t y  ( S o l e d  et a l ,  1 9 8 5 )
E le m e n t a l  m a p p in g  f r o m  S E M - E D X  a n d  c o m p o s i t i o n  a n a ly s i s  at 

d i f f e r e n t  lo c a t io n s  o f  th e  F e C o K  c a t a ly s t  w a s  c o n d u c t e d  t o  e s t im a t e  th e  c o m p o s i t io n  

a n d  th e  d i s t r ib u t io n  o f  m e t a ls  th r o u g h o u t  th e  c a t a ly s t .  T h e  e l e m e n t a l  m a p p in g  im a g e s  

a n d  c o m p o s i t io n  d a ta  a re  p r e s e n te d  in  F ig u r e  4 .1 0  a n d  T a b le  4 .5 .
It i s  c le a r  fr o m  e le m e n t a l  m a p p in g  i m a g e s  th a t  t h e  m e t a l  c o n t e n t  is  

d e c r e a s e d  fr o m  F e ,  C o  to  K . In a d d it io n ,  th e  a ll  th r e e  e l e m e n t s  a r e  w e l l  d is t r ib u te d  in  

th e  c a t a ly s t  o v e r  th e  a r e a  o f  s c a n .
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Figure 4.10 E le m e n t a l  m a p p in g  im a g e s  fo r  F e C o K  c a t a ly s t  ( a )  E le c t r o n  im a g e  o f  

th e  lo c a t io n ,  ( b )  F e  d is t r ib u t io n  in  th e  a r e a  o f  l o c a t io n  in  ( a ) ,  ( c )  C o  d is t r ib u t io n  in  th e  

a r e a  o f  lo c a t io n  in  ( a ) ,  a n d  (d )  K  d is t r ib u t io n  in  th e  a r e a  o f  l o c a t io n  in  (a ) .

Table 4 .5  C o m p o s i t io n  o f  th e  F e C o K  c a t a ly s t  d e t e r m in e d  b y  S E M - E D X  t e c h n iq u e  

m e a s u r e d  at d i f f e r e n t  lo c a t io n s  o f  th e  c a ta ly s t

W e ig h t  %E le m e n t
L o c a t io n  1 L o c a t io n  2 A v e r a g e E x p e c t e d

F e 9 4 .3 3 9 5 .7 0 9 5 .0 2 9 2 .0 8
C o 5 .4 4 2 .9 9 4 .2 2 6 .4 8
K 0 2 3 1 .3 1 0  7 7 1 .4 3
T o ta l 1 0 0 1 0 0 1 0 0 1 0 0

C o m p o s i t io n s  d e te r m in e d  in  t w o  ( o n  t w o  d i f f e r e n t  p a r t ic le s )  lo c a t io n s  

a re  p r e s e n t e d  in  T a b le  4 .5  a n d  it  s h o w s  th a t  th e r e  a re  s l i g h t  c h a n g e s  o f  c o m p o s i t io n  

in  d i f f e r e n t  l o c a t io n s .  T h e  c a t a ly s t s  w e r e  p r e p a r e d  w i t h  th e  e x p e c t e d  w e ig h t  

p e r c e n t a g e  o f  9 2 .0 8 ,  6 .4 8 ,  a n d  1 .4 3  fo r  F e ,  C o ,  a n d  K  r e s p e c t i v e ly .  T h e  a v e r a g e



4 1

c o m p o s i t io n  o f  th e  c a t a ly s t  s h o w s  a  h ig h e r  p e r c e n t a g e  o f  F e  w h i l e  h a v in g  lo w e r  C o  

a n d  K . T h i s  m a y  b e  d u e  t o  th e  err o r  in  d e t e r m in in g  l o w  c o n c e n t r a t io n s  u s in g  S E M -  

E D X  a n d  t h e  p o s s i b l e  p e r c e n t a g e  e r r o r s  in  c a t a ly s t  p r e p a r a t io n  s t e p  d u e  to  th e  lo w e r  

m e ta l  a d d it io n s .

4.2 Catalytic Activity Testing

C a t a ly s t  a c t iv i t y  t e s t in g  in  th is  r e s e a r c h  i s  c o n d u c t e d  in  s e v e r a l  s t e p s  a s  

p r e v io u s l y  m e n t io n e d  in  th e  C h a p te r  III. A c t i v i t y  t e s t in g  w a s  d i v i d e d  in to  s t e p s  

d e p e n d in g  o n  w h a t  a r e  th e  r e q u ir e m e n ts  to  a s c e r t a in  in  e a c h  s t e p .  E a c h  s t e p  in  

c a t a ly t ic  a c t i v i t y  t e s t in g  i s  d i s c u s s e d  h e r e  in  d e t a i l  w i t h  r e s u lt s .

4 .2 .1  F is c h e r - T r o p s c h  A c t i v i t y  o f  F e /K L  Z e o l i t e  a n d  F e C o K  C a t a ly s t s
T h e  c a t a ly t ic  a c t iv i t y  t e s t i n g  in  t h is  s t e p  i s  m a in ly  f o c u s e d  o n  d e c id in g  

a  te m p e r a tu r e  fo r  a r o m a t iz a t io n  o f  s y n g a s  a n d  h e n c e  th e  r e a c t io n  w a s  c a r r ie d  o u t  a t  

d i f f e r e n t  te m p e r a tu r e s .  P t /K L  z e o l i t e  i s  w e l l - k n o w n  fo r  a r o m a t iz a t io n  o f  h e x a n e ,  
h e p ta n e  a n d  o c t a n e .  T h e  p r o d u c t  d is t r ib u t io n  f r o m  F T  c a t a ly s t  is  e x p e c t e d  t o  b e  in  th e  

r a n g e  o f  r a n g e  o f  h e x a n e  to  o c t a n e  f o r  a r o m a t iz a t io n  o v e r  P t /K L .
9 .5 F e /K L  c a t a ly s t  w a s  t e s t e d  fo r  F T  a c t iv i t y  a n d  p r o d u c t  s e l e c t i v i t y  a t  

th r e e  d i f f e r e n t  t e m p e r a tu r e s  i .e .  2 4 0 ,  3 5 0 ,  a n d  4 0 0  ๐c .  O th e r  p a r a m e t e r s  w e r e  

m a in t a in e d  a s  G H S V  =  6 , 0 0 0  c m 3/ g .h  ( a m o u n t  o f  c a t a ly s t s  u s e d  w a s  0 .5  g  a n d  h e n c e  

th e  a c tu a l  f e e d  f l o w  ra te  w a s  5 0  c m 3/ m in ) ,  P  =  1 a tm , H 2/C O  = 1 . 5 .
T h e  c a t a ly s t  w a s  p a c k e d  a s  d e s c r ib e d  in  C h a p te r  III a n d  b e f o r e  th e  

r e a c t io n  c a t a l y s t s  w e r e  r e d u c e d  a t 4 0 0  ๐c  fo r  3  h  in  s i t u  w i t h  1 0 0  c m 3/ g  o f  H 2 . T h e n  

th e  r e c to r  t e m p e r a tu r e  w a s  a d ju s te d  to  th e  r e a c t io n  te m p e r a tu r e  a n d  f e e d  w a s  

in tr o d u c e d  w h e n  th e  r e a c t io n  t e m p e r a tu r e  i s  r e a c h e d .  F ir s t  s a m p le  a n a ly s i s  w a s  

c o n d u c t e d  a f t e r  2 0  m in  f r o m  f e e d  s ta r ts  a n d  th e n  s a m p l in g  w a s  c o n t in u e d  e v e r y  h o u r  

e x c e p t  in  th e  c a s e  o f  4 0 0  ๐c a n d  3 0 0  °c w h i c h  w a s  e v e r y  1 1 0  m in i t e s .
A c t u a l l y ,  th is  w a s  c a r r ie d  o u t  w i t h o u t  a n y  p r e - c a r b id in g  a f te r  

r e d u c t io n  o f  c a t a ly s t s  a s  m e n t io n e d  in  th e  w o r k  fo r  F e C o K  c a t a ly s t s  w h ic h  w a s  

c o n d u c t e d  to  p r o d u c e  h ig h  o c t a n e  g a s o l i n e  fr o m  s y n g a s  ( M a r t in e z  et a i ,  2 0 0 5 ) .
In  a d d it io n ,  a n o th e r  t e s t  w a s  c a r r ie d  o u t  t o  o b s e r v e  th e  a c t iv i t y  a n d  th e  

p r o d u c t  s e l e c t i v i t y  o f  F e C o K  c a t a ly s t  fo r  F T  r e a c t io n  a t 4 0 0  ๐c  w i t h  r e d u c t io n  fo r  10
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h  w i t h  แ 2 f o l l o w e d  b y  c a r b id in g  w i t h  a  m ix t u r e  o f  C O : H 2 :H e  a t 1 0 : 1 5 : 7 5  w i t h  a  

h e a t in g  ra te  o f  1 ๐c / m i n  a n d  m a in t a in e d  a t 4 0 0  ๐c  fo r  3 h .
T h e  c o n v e r s i o n  r e s u lt s  f r o m  th e  a b o v e  s e r i e s  o f  t e s t s  a re  i l lu s tr a t e d  a s

in  F ig u r e  4 .1 1 .

-*-9.5Fe/KL(240 °C) oFeCoK(400 °C)

Figure 4.11 C O  c o n v e r s i o n  c h a n g e  w i t h  o p e r a t in g  te m p e r a tu r e  a n d  c a t a ly s t  ty p e  

( G H S V  =  6 ,0 0 0  c m 3/g .h ,  p  =  1 a tm  a n d  H 2 /C O  =  1 .5 ) .

T h e  r e s u l t s  s h o w  th a t  th e  c o n v e r s i o n  o f  C O  d e c r e a s e d  w i t h  t im e  o n  

s tr e a m  w i t h  9 .5 F e /K L  c a t a ly s t .  O n  th e  o th e r  h a n d ,  F e C o K  c a t a ly s t  m a in t a in e d  a  

s t a b le  a c t iv i t y  o v e r  t im e .  In  a d d it io n ,  fo r  9 .5 F e /K L  c a t a ly s t s ,  th e  c o n v e r s i o n  a t a  

g iv e n  t im e  o n  s t e a m  is  d e c r e a s e d  w i t h  te m p e r a tu r e  in c r e a s e d  f r o m  2 4 0  ๐c t o  4 0 0  °c 
u p to  2 8 0  m in  T O S .  In  t h e  c o n v e r s i o n  p o in t  o f  v i e w ,  2 4 0  °c i s  b e t t e r  th a n  o th e r  t w o  

t e m p e r a tu r e s  a m o n g  9 .5 F e /K L  c a t a ly s t s  b u t F e C o K  c a t a ly s t s  s h o w s  m u c h  h ig h e r  

c o n v e r s i o n  fo r  a ll  v a lu e s  o f  t im e  o n  s tr e a m .
In F ig u r e s  4 .1 2  - 4 . 1 5 ,  th e  p r o d u c t  s e l e c t i v i t y  o f  C 0 2, C H 4  a n d  C3+-

f r a c t io n  a r e  i l lu s tr a t e d .
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Figure 4.12 C H 4  s e l e c t i v i t y  c h a n g e  w i t h  o p e r a t in g  te m p e r a tu r e  a n d  c a t a ly s t  ty p e  

( G H S V  =  6 ,0 0 0  c m 3/g .h ,  p  =  1 a tm  a n d  H 2/ C O  =  1 .5 ) .

T O S  (m in)

- ♦ ~ 9 .5 F e /K L (4 0 0  °C )  - O 9 . 5 F e / K L ( 3 0 0  ° C )  - * " 9 .5 F e / K L ( 2 4 0  ° C )  -  - F e C o K ( 4 0 0  °C )

Figure 4.13 C O 2 s e l e c t i v i t y  c h a n g e  w i t h  o p e r a t in g  t e m p e r a tu r e  a n d  c a t a ly s t  ty p e  

( G H S V  =  6 ,0 0 0  c m 3/g .h ,  p  =  1 a tm  a n d  H 2/ C O  =  1 .5 ) .
It c a n  b e  o b s e r v e d  th a t th e  s e l e c t i v i t y  t o  C H 4  a n d  C 0 2 i s  s ig n i f ic a n t ly  

in f lu e n c e d  b y  t e m p e r a tu r e  fo r  F e /K L  c a t a ly s t s .  T h o s e  p r o d u c t s  a r e  l o w e r  v a lu e ,
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h i g h l y  s t a b le  p r o d u c t s ,  w h i c h  c a n  h a r d ly  f o l l o w  fu r th e r  r e a c t io n  w i t h o u t  e x t r e m e  

c o n d i t io n s .  M o r e o v e r ,  a t t h e  s a m e  te m p e r a tu r e ,  F e C o K  c a t a ly s t s  p r o d u c e  m u c h  l e s s  

C H 4 c o m p a r e d  t o  F e /K L  b u t  h ig h e r  C O 2 s e l e c t i v i t y .  E v e n  t h o u g h  C O 2 s e l e c t i v i t y  is  

h ig h e r  w i t h  F e C o K  c a t a ly s t ,  th e  c o m b in e d  s e l e c t i v i t y  o f  C H 4  a n d  C O 2 i s  h ig h e r  in  

9 .5 F e /K L  z e o l i t e  c a t a ly s t  fo r  th e  r e a c t io n  a t s a m e  c o n d i t io n s  g iv i n g  b e t te r  

p e r f o r m a n c e  w i t h  F e C o K  c a t a ly s t  h a v in g  lo w e r  s e l e c t i v i t y  t o  u n d e s ir a b le  p r o d u c t s .
A s  p r e v io u s l y  d i s c u s s e d  in  T P O  a n a ly s i s  in  F ig u r e  4.6 a n d  T a b le  4.2, 

it  s h o w s  th a t  th e  a m o u n t  o f  c in  th e  s p e n t  c a t a ly s t  i s  i n c r e a s e d  w i t h  in c r e a s in g  

te m p e r a tu r e  a n d  th e  r e s u l t s  o f  CO2 p r o d u c t io n  i s  a l s o  in  l in e  w i t h  th e  c  r e s u lt s .  T h e s e  

in te r r e la te d  r e s u l t s  c a n  s u g g e s t  th a t  th e  c a n d  CO2 i s  p r o d u c e d  b y  B o u n d a r d  r e a c t io n  

(2C0^C+C02).
In  th is  w o r k ,  it  i s  e x p e c t e d  to  h a v e  h y d r o c a r b o n s  w i t h  h ig h e r  c a r b o n  

n u m b e r , w h i c h  c a n  f o l l o w  th r o u g h  a r o m a t iz a t io n  w i t h  P t /K L  z e o l i t e  c a t a ly s t s ,  h e n c e  

l o w e r  m e t h a n e  s e l e c t i v i t y  i s  b e t te r  fo r  fu tu r e  w o r k  in  a r o m a t iz a t io n .  It w a s  o b s e r v e d  

th a t  th e  C 3 .+ h y d r o c a r b o n  f r a c t io n  w a s  d e c r e a s e d  w i t h  in c r e a s in g  r e a c t io n  t e m p e r a tu r e  

fo r  F e /K L  z e o l i t e  c a t a ly s t s  l e a d in g  t o  n e g l i g ib l e  C 3+ f r a c t io n  a t 4 0 0  ๐c .  In c o n t r a s t ,  
F e C o K  c a t a ly s t  s h o w e d  a  s ig n i f ic a n t  s e l e c t i v i t y  t o w a r d s  C 3+ at h ig h e r  t e m p e r a tu r e s  

a s  4 0 0  ๐c  g i v i n g  a r o u n d  1 8 %  a s  p r e s e n t e d  in  F ig u r e  4 .1 4 .  E v e n  t h o u g h  t h e  C 3+ 

fr a c t io n  w a s  h ig h e r  in  t h e  c a s e s  o f  9 .5 F e /K L  at 3 0 0  °c a n d  2 4 0  °c, t h e  te m p e r a tu r e s  

a re  t o o  l o w  f o r  a r o m a t iz a t io n  w it h  P t /K L . H e n c e ,  F e C o K  w a s  s e l e c t e d  a s  th e  b e s t  

c a n d id a t e  w i t h  s ig n i f ic a n t  s e l e c t i v i t y  t o  C 3+ at r e a s o n a b ly  h ig h e r  te m p e r a tu r e  

( 4 0 0  ° C )  to  s t u d y  a b o u t  a r o m a t iz a t io n  w i t h  P t /K L  c a t a ly s t .
O l e f i n s  in  th e  p r o d u c t s  a ls o  h a v e  a  s ig n i f i c a n t  in f l u e n c e  o n  

a r o m a t iz a t io n  d e p e n d in g  o n  th e  m e c h a n i s m .  I f  t h e  m e c h a n i s m  f o l l o w s  th r o u g h  

o l i g o m e r i z a t i o n  f o l l o w e d  b y  a r o m a t iz a t io n ,  th e  p r e s e n c e  o f  o l e f i n s  is  f a v o r e d  th a n  

p a r a f f in s  ( M a r t in e z  et a l ,  2 0 0 5 ) .  A s  i l lu s tr a t e d  in  F ig u r e  4 .1 5 ,  h ig h e r  o l e f i n  p r o d u c t s  

w e r e  o b s e r v e d  w i t h  F e /K L  c a t a ly s t s  a t a l l  th e  t e s t e d  t e m p e r a t u r e s  c o m p a r e d  to  

F e C o K  c a t a ly s t .
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TOS(m in)
-+-9.5Fe/KL(400 °C) -๐-9.5Fe/KL(300 ”C) -*-9.5Fe/KL(240 °C) O F e C o K (4 0 0  °C)

Figure 4.14 C 4+ f r a c t io n  c h a n g e  w i t h  o p e r a t in g  t e m p e r a tu r e  a n d  c a t a ly s t  t y p e
( G H S V  =  6 ,0 0 0  c m 3/ g .h ,  p  =  1 a tm  a n d  H 2/C O  =  1 .5 ) .

-*-9.5Fe/KL(400 °C) -O-9.5Fe/KL(300 °C) -*-9.5Fe/KL(240 °C) 0-FeCoK(400 'C)

Figure 4.15 P e r c e n t a g e  o f  o l e f in  in  C 2 - C 3 f r a c t io n  fo r  d i f f e r e n t  t e m p e r a tu r e s  a n d  

c a t a ly s t s  t y p e s  ( G H S V  =  6 ,0 0 0  c m 3 / g .h ,  p  =  1 a tm  a n d  H 2/C O  =  1 .5 ) .
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T o t a l  p r o d u c t s  o b t a in e d  f r o m  r e a c t io n s  a t d i f f e r e n t  r e a c t io n  

te m p e r a tu r e s  a f te r  a r o u n d  2 5 0  m in  T O S  a re  p r e s e n t e d  in  T a b le  4 .6  w i t h  th e ir  

r e s p e c t iv e  c a r b o n  n u m b e r .

Table 4 .6  C o n v e r s io n  a n d  p r o d u c t  s e l e c t i v i t y  f o r  F T  s y n t h e s i s  a t  d i f f e r e n t  

te m p e r a tu r e s  w i t h  d i f f e r e n t  c a t a ly s t  t y p e

C o n v e r s io n /S e le c t h ity 240 cc 9 .5 F e T C L  300 cc 400 °c: F e C o K  
400 ° c

C O  C o n v e r s io n 52.67 52.10 28.21 96.06
P r o d u c t  se lec tiv it ie s  

C O ; 0.00 0.69 2.83 1 5 -5 5
Cl 16.66 23.34 57.31 2 9 .7 4
c2 31.63 27.43 24.37 11:64
C 3 18.75 22.49 12.66 12.06
c4- 28.71 25.35 0.00 15.46

4 .2 .2  S y n g a s  A r o m a t iz a t io n  w i t h  C o - im p r e g n a t e d  F e P t /K L  a n d  P h y s ic a l ly
M i x e d  C a t a ly s t s
A r o m a t iz a t io n  o f  s y n g a s  w a s  c o n d u c t e d  w i t h  c o m b i n e d  c a t a ly s t s  fo r  

F T  s y n t h e s i s  a n d  a r o m a t iz a t io n .  C o - im p r e g n a t e d  9 .5 F e 0 .5 P t / K L  z e o l i t e  c a t a ly s t  w a s  

u s e d  t o  o b t a in  th e  F T  a c t iv i t y  fr o m  F e  s i t e s  a n d  a r o m a t iz a t io n  b y  P t s i t e s .  P h y s ic a l  

m ix t u r e  o f  9 .5 F e /K L  z e o l i t e  a n d  0 .5 P t /K L  z e o l i t e ,  w h i c h  c o n t a in  th e  s a m e  a m o u n t  o f  

a c t iv e  m e t a l ,  w a s  a ls o  t e s t e d  w i t h  s a m e  c o n d i t io n s .  T h e  f e e d  g a s  r a te  w a s  m a in ta in e d  

to  o b t a in  th e  s a m e  G H S V  r e la t iv e  to  F T  c a t a ly s t  o n ly .
T h e  c o n d i t io n s  fo r  th e  r e a c t io n  w a s  m a in t a in e d  a t G F I S V  =  6 ,0 0 0  

c m 3 / g .h ,  p  =  1 a tm , T  =  4 0 0  ๐c  a n d  H 2/C O  =  1 .5  fo r  b o t h  c o - im p r e g n a t e d  a n d  

p h y s ic a l l y  m i x e d  c a t a ly s t s .  T h e  c o n v e r s io n  a n d  p r o d u c t  s e l e c t i v i t y  a r e  p r e s e n t e d  in  

F ig u r e s  4 .1 6  -  4 .2 2 .
A s  s h o w n  in  F ig u r e  4 .1 6 ,  th e  c o n v e r s i o n  i s  s l i g h t ly  lo w e r  fo r  

p h y s ic a l l y  m i x e d  c a t a ly s t  c o m p a r e d  to  c o - im p r e g n a t e d  c a t a ly s t  h a v i n g  a r o u n d  5 5  %
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a n d  6 5  %  r e s p e c t i v e ly  a t in i t ia l  s t a g e s .  T h is  c o u ld  b e  d u e  t o  l o w e r  c o k e  f o r m a t io n  in  

c o - im p r e g n a t e d  c a t a ly s t s  a s  in  d e t e c t e d  in  T P O  r e s u lt s  p r e s e n t e d  in  F ig u r e  4 .7  a n d  

T a b le  4 .2 .  F u r th e r , w i t h  in f o r m a t io n  in  F ig u r e  4 .1 7 ,  t h e  m e t h a n e  s e l e c t i v i t y  i s  m o r e  

th a n  t w i c e  fo r  p h y s ic a l l y  m ix e d  c a t a ly s t  c o m p a r e d  t o  c o - im p r e g n a t e d  s h o w i n g  

a r o u n d  7 0  %  a f te r  2 0 0  m in  o n  s t e a m . T h e  C O 2 s e l e c t i v i t y  h a s  n o  s ig n i f ic a n t  

d i f f e r e n c e  b e t w e e n  t w o  c a t a ly s t s .
T h e  h ig h e r  C H 4 s e l e c t i v i t y  in  p h y s i c a l l y  m i x e d  c a t a l y s t  m a y  b e  d u e  to  

th e  m o r e  a c c e s s i b l e  P t  s i t e s  in  0 .5 P t /K L  c a t a ly s t .  T h e  P t  s i t e s  in  9 .5 F e 0 .5 P t / K L  

c a t a ly s t  c o u ld  b e  i n a c c e s s i b l e  d u e  to  th e  p o r e  b l o c k a g e  a s  o b s e r v e d  in  B E T  a n a ly s i s  

in  T a b le  4 .1 .  H y d r o g e n  a c t iv a t io n  in  P t  s i t e s  c o u ld  t e r m in a t e  t h e  c h a in  g r o w th  

r e a c t io n  in  F T  s y n t h e s i s  l e a d in g  to  h ig h e r  a m o u n t  o f  C H 4.

Figure 4.16 C O  c o n v e r s i o n  w i t h  t im e  o n  s tr e a m  fo r  c o - i m p r e g n a t e d  a n d  p h y s ic a l l y  

m i x e d  c a t a ly s t s  ( G H S V  =  6 ,0 0 0  c m 3/ g .h ,  p  =  1 a tm , T  =  4 0 0  °c a n d  H 2/C O  =  1 .5 ) .
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-»~9.5Fe/KL + 0.5Pt/KL- Methane -* -9 .5 Fe /K L  + 0.5Pt/KL- Carbon dioxide

Figure 4.17 C H 4 s e l e c t i v i t y  w ith  t im e  o n  s tr e a m  fo r  c o - im p r e g n a t e d  a n d  p h y s ic a l ly  

m i x e d  c a t a ly s t s  ( G H S V  =  6 ,0 0 0  c m 3/ g .h ,  P  =  1 a tm , T  =  4 0 0  °c a n d  H 2/C O  =  1 .5 ) .

E v e n  t h o u g h  th e  c o n v e r s i o n  i s  s l i g h t ly  lo w e r  a n d  s e l e c t i v i t y  to w a r d s  

l o w  v a lu e  p r o d u c t s  i s  h ig h e r  fo r  p h y s i c a l l y  m ix e d  c a t a ly s t ,  a  s ig n i f i c a n t  r e s u lt  c a n  b e  

o b s e r v e d  r e la te d  to  t h e  c o r e  o b j e c t iv e  o f  th is  w o r k .  A s  it c a n  b e  o b s e r v e d  in  F ig u r e  

4 .1 8 ,  t h e  a r o m a t ic  p r o d u c t s  s e l e c t i v i t y  is  m u c h  h ig h e r  in  p h y s i c a l l y  m i x e d  c a ta ly s t s .  
T o ta l  a r o m a t ic  s e l e c t i v i t y  i s  7  %  at th e  in it ia l  s t a g e  b u t d e c r e a s e d  t o  l e s s  th a n  3 %  

a fte r  2 0 0  m in  o n  s t r e a m , w h ic h  i s  c o m p a r a t iv e ly  h ig h e r  th a n  c o - im p r e g n a t e d  w h ic h  

s h o w s  a r o u n d  1 - 2  %  s e l e c t i v i t y .
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TOS (min)
- « -  9.5Fe0.5Pt/KL -0-9.5Fe/'KL + 0.5Pt/KL

Figure 4.18 A r o m a t ic s  s e l e c t i v i t y  w it h  t im e  o n  s t r e a m  f o r  c o - im p r e g n a t e d  a n d  

p h y s ic a l l y  m i x e d  c a t a ly s t s  ( G H S V  =  6 ,0 0 0  c m 3/ g .h ,  p  =  1 a tm , T  =  4 0 0  °c a n d  

H 2/ C O = 1 . 5 ) .

T h e s e  r e s u lt s  s u g g e s t  th a t th e  p h y s ic a l l y  m i x e d  c a t a ly s t s  p r o d u c e  m o r e  

a r o m a t ic s  th a n  c o - im p r e g n a t e d  c a t a ly s t s .  T h is  r e s u lt  is  in  l in e  w i t h  th e  o b s e r v e d  p o r e  

b l o c k a g e  in  c o - im p r e g n a t e d  c a t a ly s t  l e a d in g  t o  p o o r  a c c e s s i b i l i t y  to  P t s i t e s  in s id e  th e  

p o r e s ,  w h ic h  a r e  im p o r ta n t  f o r  a r o m a t iz a t io n  w i t h  P t /K L  c a t a ly s t .  In  B E T  a n a ly s i s  in  

T a b le  4 .1 ,  it w a s  o b s e r v e d  th a t  a  s ig n i f ic a n t  p o r e  b l o c k a g e  in  9 .5 F e /K L  b u t  in  th e  

c a s e  o f  0 .5 P t /K L  c a t a ly s t s ,  a c c e s s i b l e  P t in s id e  p o r e  i s  a v a i la b le .  H e n c e ,  fu r th e r  

a n a ly s i s  w i l l  b e  f o l l o w e d  w i t h  p h y s ic a l l y  m i x e d  h y b r id  c a t a ly s t s .
It i s  k n o w n  f a c t  th a t  th e  h e a v y  p r o d u c t  f r a c t io n  in  F T  s y n t h e s is  

in c r e a s e s  w i t h  in c r e a s in g  p r e s s u r e  a n d  h e n c e  a  t e s t  w a s  c a r r ie d  o u t  t o  o b s e r v e  th e  

in f l u e n c e  o f  th e  p r e s s u r e  fo r  r e a c t io n .  A  s p e c ia l  p r e tr e a tm e n t  c a l le d  c a r b id in g  w a s  

c o n d u c t e d  p r io r  t o  h ig h - p r e s s u r e  ru n  to  im p r o v e  th e  F T  a c t i v i t y  o f  th e  c a t a ly s t .  T h e  

n o t a t io n  H P /C B  i s  u s e d  h e r e  to  d e n o t e  th a t h ig h - p r e s s u r e  o p e r a t io n  w i t h  c a r b id in g
tr e a tm e n t .
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It w a s  o b s e r v e d  th a t  th e  c o n v e r s i o n  h a s  s i g n i f i c a n t ly  im p r o v e d  w it h  

h ig h - p r e s s u r e  o p e r a t io n  w i t h  c a r b u r iz in g  p r e tr e a tm e n t  a s  i l lu s t r a t e d  in  F ig u r e  4 .1 9  

b e lo w .  T h is  i m p l i e s  th a t  c a r b id in g  p r e tr e a tm e n t  fo r  c a t a ly s t  a c t iv a t io n  i s  im p o r ta n t  in  

im p r o v in g  th e  F T  a c t i v i t y  a s  d i s c u s s e d  b y  M a r t in e z  a n d  c o - w o r k e r s  ( 2 0 0 5 ) .  In  

a d d it io n ,  th e  to ta l  o f  C O 2 a n d  C H 4 s e l e c t i v i t y  i s  r e l a t i v e ly  h ig h  w i t h  a lm o s t  s a m e  

v a lu e s  a r o u n d  6 0 - 7 0  %  a s  p r e s e n t e d  in  F ig u r e  4 . 2 0  a n d  t h is  i s  d i s a d v a n t a g e o u s  to  

l o s e  c a s  l o w  v a lu e  p r o d u c t s .

Figure 4.19 V a r ia t io n  o f  c o n v e r s i o n  w i t h  t im e  o n  s t r e a m  o f  p h y s i c a l l y  m i x e d  F e /K L  

a n d  P t /K L  w i t h  a n d  w i t h o u t  h ig h  p r e s s u r e  ( H P  =  2 0  b a r )  c o n d i t io n s  a n d  c a r b id in g  

( C B )  tr e a tm e n t  ( G H S V  =  6 ,0 0 0  c n r V g .h , T  =  4 0 0  °c a n d  H 2/C O  =  1.5).
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- « - 9 .5 F e . K L  +  0 .5P t K L  - « - H P  C B  -  9 .5 F e  K L  +  0  5 P t K L

Figure 4.20 T o t a l  C O 2 a n d  C H 4 s l e c t i v i t y  w i t h  t im e  o n  s t e a m  o f  p h y s ic a l l y  m ix e d  

F e /K L  a n d  P t /K L  w i t h  a n d  w i t h o u t  h ig h  p r e s s u r e  (H P  =  2 0  b a r )  c o n d i t io n  a n d  

c a r b id in g  ( C B )  tr e a tm e n t  ( G H S V  =  6 ,0 0 0  c m 3/ g .h ,  T  =  4 0 0  °c a n d  H 2/C O  =  1 .5 ) .

H o w e v e r ,  a r o m a t ic s  s e l e c t i v i t y  a t  h ig h - p r e s s u r e  o p e r a t io n  i s  o b s e r v e d  

a s  l o w  a s  1 % , w h i c h  i s  l o w e r  th a n  th a t  o f  a t m o s p h e r ic  p r e s s u r e  o p e r a t io n  a s  s h o w n  in  

F ig u r e  4 .2 1 .  F r o m  th e  r e s u lt s  a s  p r e s e n t e d  in  F ig u r e  4 .2 2 ,  it  c a n  b e  o b s e r v e d  th a t  it 

h a s  a  s ig n i f i c a n t ly  h ig h e r  a m o u n t  o f  C 3+ fr a c t io n  i n c lu d in g  Ce-Cs h y d r o c a r b o n  a fte r  

th e  a r o m a t iz a t io n  r e a c t io n ,  w h ic h  w a s  n o t  c o n v e r t e d  to  a r o m a t ic s .  T h is  c o u ld  b e  d u e  

to  t h e  p o i s o n i n g  e f f e c t  o f  P t b y  C O .
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F ig u r e  4.21 A r o m a t ic  s e l e c t i v i t y  w i t h  t im e  o n  s tr e a m  o f  p h y s i c a l l y  m i x e d  F e /K L  

a n d  P t /K L  w i t h  a n d  w i t h o u t  h i g h  p r e s s u r e  ( H P  =  2 0  b a r )  c o n d i t io n  a n d  c a r b id in g  

( C B )  tr e a tm e n t  ( G H S V  =  6 ,0 0 0  c m 3/ g .h ,  T  =  4 0 0  °c a n d  H 2/C O  =  1 .5 ) .

F ig u re  4 .22  C 3+ f r a c t io n  s e l e c t i v i t y  w i t h  t im e  o n  s tr e a m  o f  p h y s ic a l l y  m ix e d  F e /K L  

a n d  P t /K L  w i t h  a n d  w i t h o u t  h ig h  p r e s s u r e  ( H P  =  2 0  b a r )  c o n d i t io n  a n d  c a r b id in g  

( C B )  t r e a tm e n t  ( G H S V  =  6 ,0 0 0  c m 3/ g .h ,  T  =  4 0 0  °c a n d  H 2/ C O  =  1 .5 ) .
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In  a d d it io n ,  t h e  p e r f o r m a n c e  o f  s y n g a s  c o n v e r s i o n  t o  a r o m a t ic s  w it h  

p h y s ic a l l y  m i x e d  F e C o K  a n d  P t /K L  c a t a ly s t s  s h o w e d  p o o r  a r o m a t ic  p r o d u c t io n  e v e n  

t h o u g h  F e C o K  c a n  p r o d u c e  h ig h e r  C 3+ fr a c t io n  in  F T  s y n t h e s i s  c o m p a r e d  to  

9 .5 F e /K L .  T h e  a r o m a t ic  s e l e c t i v i t y  i s  n e g l i g i b l e  e v e n  t h o u g h  it  h a s  s u f f i c i e n t  a m o u n t  

o f  p a r a f f in ic  p r o d u c t s  w h i c h  s u p p o s e d  to  b e  a r o m a t iz e d  w i t h  P t /K L  a s  p r e s e n t e d  in  

F ig u r e  4 .2 3 .

0  6 0  1 2 0  1 8 0  2 4 0  3 0 0  3 6 0  4 2 0  4 8 0
TOS (min)

-^-Conversion - FT - • - Conversion -PM -*-Aromatics- FT
-oAromatics- PM -♦ - c 3* - FT c 3+ - PM

F ig u re  4 .2 3  C o n v e r s io n ,  C 3+ fr a c t io n  a n d  a r o m a t ic s  f o r  F e C o K  F T  c a t a ly s t  ( F T )  a n d  

p h y s ic a l l y  m i x e d  F e C o K  w it h  P t /K L  ( P M )  w i t h  T O S  ( G H S V  =  6 , 0 0 0  c n r V g .h , T  =  

4 0 0  °c, p  =  2 0  b a r , a n d  H 2/C O  =  1 .5 ) .

T o t a l  p r o d u c t  d is t r ib u t io n  fo r  t e s t s  w i t h  d i f f e r e n t  c a t a ly s t s  a n d  

d if f e r e n t  p r o c e s s  c o n d i t io n s  fo r  s y n g a s  a r o m a t iz a t io n  a f te r  2 0 0  m in  T O S  a re  

p r e s e n te d  in  T a b le  4 .7 .
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T a b l e  4 .7  T o t a l  p r o d u c t  d is t r ib u t io n  fo r  s y n g a s  a r o m a t iz a t io n  r e a c t io n s  w i t h  P t /K L  

a r o m a t iz a t io n  c a t a ly s t s  ( G H S V  =  6 ,0 0 0  c m 3/g .h ,  T  =  4 0 0  ๐c ,  a n d  H 2 /C O  =  1 .5 )

9 .5 F e 0 .5 P t K L 9 .5 F e -K L -0 .5 P tK L
H P C B -

9 .5  F  e/TCL + 0 .5  Pt'TCL

H P .'C B -

F e C o K + 0 .5 P t 'K L

C O  C on version 4 5 .7 8 3 9 .8 9 8 6 .9 7 9 6 .0 6

N o n  arom atics

C O ; 3 .8 1 5 .4 6 1 9 .0 8 3 1 .0 9

C l 2 4 .6 3 7 0 .7 6 4 1 .3 0 2 9 .7 4

C ; 2 5 .4 0 7 .8 1 1 5 .1 6 1 1 . 6 6

C 3 3 5 .8 0 4 .7 9 1 0 .9 8 1 2 .0 6

C 4 0 . 0 0 4 .8 7 5 .6 0 6 .2 8 .

C ; 6 .1 8 4 .2 4  ' 3 .3 0 5 .3 0c6 3 .4 0 0 . 0 0 1 .8 7 2 .1 5

C 7 0 . 0 0 0 . 0 0 0 .9 1 1 .03

C s 0 . 0 0 0 . 0 0 0 .6 5 0 .7 1

A rom atics 0 .7 7 2 .0 7 1 .2 1 0 .4 6

B en zen e 0 .7 7 0 .6 7 0 .2 4 0 .1 5

T oluene 0 . 0 0 1 .4 0 0 .6 3 0 .3 1

E u t  b en zen e 0 . 0 0 0 . 0 0 0 .0 8 0 . 0 0

X ylen es 0 . 0 0 0 . 0 0 0 .2 6 0 . 0 0

A C S- 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

In  a l l  th e  c a s e s ,  it s e e m s  th a t s ig n i f i c a n t  f r a c t io n  o f  h y d r o c a r b o n s  

p r o d u c e d  w h i c h  s u p p o s e d  to  b e  c o n v e r t e d  to  a r o m a t ic s  i s  r e m a in e d  u n c o n v e r t e d .  T h e  

s u s p e c t e d  r e a s o n  fo r  u n s a t is f a c t o r y  a r o m a t iz a t io n  i s  p o i s o n i n g  t h e  P t /K L  z e o l i t e  

c a t a ly s t  b y  C O  a n d  it  s e e m s  th a t  a f te r  p r e tr e a tm e n t  o f  c a r b u r iz in g  w i t h  C O , a r o m a t ic  

p r o d u c t io n  i s  l o w e r  e v e n  t h o u g h  it  w a s  o b s e r v e d  th a t  F e  c o u l d  i n c r e a s e  th e  C O  

t o le r a n c e  o f  P t /C  c a t a ly s t s  (P e r e ir a  et a l,  2 0 0 9 ) .  H e n c e ,  a n  a r o m a t iz a t io n  t e s t  w a s  

c a r r ie d  o u t  f o r  a r o m a t iz a t io n  o f  n - h e x a n e  w i t h  in t e r m it t e n t  i n j e c t io n  o f  C O  w i t h  f e e d .
In  th e  t e s t  w ith  0 .5 P t /K L  z e o l i t e  t o  c o n v e r t  n - h e x a n e  to  a r o m a t ic s ,  it 

w a s  o b s e r v e d  th a t  c o n v e r s i o n  a n d  a r o m a t iz a t io n  s h o w e d  a  s ig n i f i c a n t  v a lu e  a s  7 0 %  

a n d  6 0 %  r e s p e c t i v e ly  a t 5 0 0  ° C . A  f l o w  o f  1 2 0  m l o f  C O  w a s  in j e c t e d  in  15 m in  w ith  

n - h e x a n e  f e e d  m a in t a in in g  th e  s a m e  r e a c to r  t e m p e r a tu r e .  W it h  th a t , th e  c o n v e r s io n  

d e c r e a s e d  d r a s t ic a l ly  a lo n g  w i t h  a r o m a t ic  p r o d u c t io n .  T h i s  in d ic a t e s  th a t  C O  re ta rd s  

th e  f u n c t io n  o f  P t /K L  c a t a ly s t  fo r  a r o m a t iz a t io n  a s  p r e s e n t e d  in  F ig u r e  4 .2 4 .
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-oHexane Conversion -«-Aromatic Selectivity

F ig u re  4 .2 4  I n f lu e n c e  o f  C O  o n  h e x a n e  c o n v e r s i o n  a n d  a r o m a t ic  s e l e c t i v i t y  o v e r  

P t /K L  c a t a ly s t  ( S V =  5  h ' 1 w i t h  0 .5  g  o f  c a t a ly s t ,  T =  5 0 0  °c, P =  1 a tm , H 2/n - h e x a n e  

= 6).

T h is  r e s u lt  in d ic a t e s  th a t th e  0 .5 P t /K L  c a t a ly s t  e x h i b i t e d  h ig h  a c t iv i t y  

a n d  s e l e c t i v i t y  fo r  a r o m a t iz a t io n .  In a d d it io n ,  th e  P t /K L  c a t a ly s t  w a s  q u ic k ly  

d e a c t iv a t e d  w i t h  C O  in j e c t io n  a n d  th e  a c t iv i t y  i s  n o t  r e c o v e r e d  e v e n  a f te r  C O  

in j e c t io n  p e r io d .
T h e s e  r e s u lt s  e n c o u r a g e  th e  id e a  o f  e x p l o r i n g  Z S M 5  fo r  

a r o m a t iz a t io n  in s t e a d  o f  P t /K L  z e o l i t e  w i t h  a  b e s t  a v a i la b le  F T  c a t a ly s t  b a s e d  o n  

p r e v io u s  s t u d ie s ,  w h i c h  h a v e  b e t t e r  p r o d u c t  s e l e c t i v i t y  a n d  a c t iv i t y  s u c h  a s  F e C o K  

in s t e a d  o f  F e /K L  z e o l i t e .
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4 .2 .3  S y n g a s  A r o m a t iz a t io n  w i t h  P h y s i c a l l y  M i x e d  F e C o K  C a ta ly s t  a n d
H Z S M 5  ( w i t h  D i f f e r e n t  P r o p o r t io n s )
F e C o K  c a t a ly s t  m ix e d  w i t h  H Z S M 5  ( S i / A l  =  2 3 )  w a s  t e s t e d  fo r  

s y n g a s  a r o m a t iz a t io n  b y  v a r y in g  th e  p o r t io n  o f  e a c h  c a t a ly s t  to  o b s e r v e  th e  in f lu e n c e  

t o  a c t iv i t y  a n d  s e l e c t i v i t y .  S i / A l  = 2 3  w a s  s e l e c t e d  d u e  t o  s u f f i c i e n t  a c id i t y  w h ic h  

l e a d s  to  h ig h e r  a r o m a t iz a t io n  a c t iv i t y  ( M a r t in e z  et a l,  2 0 0 5 ) .
C o m m e r c ia l  Z S M 5  in  N H 4+ fo r m , w h ic h  i s  in  p e l l e t  f o r m , w a s  c r u s h e d  

to  p o w d e r e d  fo r m  f o l l o w e d  b y  c a lc in in g  a t 5 0 0  c fo r  5 h  to  fo r m  H Z S M 5 . T h e  

c o m m e r c ia l  Z S M 5  u s e d  c o n t a in s  2 0  %  o f  a lu m in a  a s  b in d e r  a n d  th e  p o r t io n  o f  

H Z S M 5  in  th e  p h y s ic a l  m ix t u r e  is  m e a s u r e d  a s  p u r e  H Z S M 5  b a s i s .
T e s t s  fo r  t h e  s t u d y  o f  a r o m a t iz a t io n  p o s s i b i l i t y  w e r e  c o n d u c t e d  w i t h  

v a r y in g  r a t io s  o f  H Z S M 5  to  F e C o K  w it h  H Z S M 5  w e i g h t  p e r c e n t a g e  o f  0  ( F e C o K )  5 
3 3  ( 3 3 Z F e C o K ) ,  4 4  ( 4 4 Z F e C o K ) ,  6 7 ( 6 6 Z F e C o K ) ,  7 5  ( 7 5 Z F e C o K )  a n d  8 0  

( 8 0 Z F e C o K ) .  A l l  th e  t e s t s  w e r e  c o n d u c t e d  w i t h  in  s it u  r e d u c t io n  a t 4 0 0  c fo r  1 0  h  

w it h  a  h e a t in g  r a te  o f  1 ° c / m i n  f o l lo w e d  b y  c o o l e d  d o w n  to  1 0 0  °c. C a r b u r iz in g  w a s  

c o n d u c t e d  a f te r  r e d u c t io n ,  w i t h  a  m ix t u r e  o f  f e e d  w i t h  H e  h a v i n g  C O : H 2 :H e  =  

1 0 : 1 5 : 7 5  w h i c h  w a s  c o n d u c t e d  at 4 0 0  °c f o r  3  h  w it h  a  h e a t in g  r a te  o f  1 ๐c / m i n .  T h e  

r e a c t io n  w a s  ru n  a t 2 0  b a r  p r e s s u r e  a n d  3 1 0  °c te m p e r a tu r e  w i t h  a  h e a t in g  ra te  o f  

4  ๐C /m in  fo r  s y n g a s  c o n t a in in g  H 2/C O  =  1 .5 .
W it h  th e  v a r ia t io n  o f  H Z S M 5  p e r c e n t a g e  in  h y b r id  c a t a ly s t ,  it  i s  c le a r  

th a t  th e  C O  c o n v e r s i o n  i s  a lw a y s  a s  h ig h  a s  9 5 %  a n d  n o  a n y  s ig n i f i c a n t  v a r ia t io n  

w it h  H Z S M 5  a d d it io n  t o  h y b r id  c a t a ly s t  a s  p r e s e n t e d  in  F ig u r e  4 .2 5 .  T h is  

in f o r m a t io n  in d ic a t e s  th a t  F e C o K  m a in ly  g o v e r n s  th e  c o n v e r s i o n  o f  C O  in  th e  h y b r id  

c a t a ly s t  a n d  H Z S M 5  s h o w s  n o  a c t iv i t y  o r  p r o m o t io n a l  e f f e c t  o n  C O  c o n v e r s io n  b y  

h y b r id  c a t a ly s t s  F e C o K  w i t h  H Z S M 5  c o n t r a d ic t in g  w i t h  th e  w o r k  o f  M a r t in e z  a n d  

c o - w o r k e r s  o n  h i g h - o c t a n e  g a s o l i n e  p r o d u c t io n  fr o m  s y n g a s .  T h e  in c r e a s e  in  th e  

c o n v e r s i o n  a t t h e  b e g i n n i n g  u n t i l  1 3 0  m in u t e s  c o u ld  b e  d u e  to  th e  u n s t a b le  c o n d i t io n  

in  th e  s y s t e m  d u e  t o  d i lu t io n  o f  r e a c t io n  p r o d u c t s  in  t h e  r e a c to r  d o w n s t r e a m . In  

a d d it io n ,  v a r ia t io n  in  r e a c to r  te m p e r a tu r e  w a s  o b s e r v e d  a t e a r ly  s t a g e s  o f  th e  r e a c t io n ,  
h e n c e  in f l u e n c e  fr o m  th a t  t o o  m ig h t  in d u c e  s o m e  e f f e c t  o n  t h is  in s t a b i l i t y .
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F ig u re  4 .2 5  C O  c o n v e r s i o n  fo r  h y b r id  c a t a ly s t s  o f  F e C o K  a n d  H Z S M 5  w i t h  t im e  o n  

s tr e a m  ( G H S V  =  4 , 8 0 0  c m 3/ g .h ,  T  =  3 1 0  ° c ,  p  =  2 0  b a r , a n d  H 2/C O  =  1 .5 ) .

Figure 4.26 Aromatic selectivity for hybrid catalysts o f FeCoK and HZSM5 at 430
min TOS (GHSV = 4,800 cm3/g.h, T = 310 °c, p = 20 bar, and H2/CO = l .5).
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T h e  h ig h e s t  a r o m a t ic  s e l e c t i v i t y  i s  o b s e r v e d  a s  H Z S M 5  p e r c e n t a g e  in  

th e  h y b r id  c a t a ly s t  in c r e a s e d  u p  to  6 7 %  a n d  s h o w e d  a  d e c r e a s e  w i t h  fu r th e r  in c r e a s e  

o f  H Z S M 5  p e r c e n t a g e  a s  s h o w n  in  F ig u r e  4 . 2 6 .  T h i s  s h o w s  th a t  th e  in c r e a s e  o f  

H Z S M 5  c o n t e n t  in  h y b r id  c a t a ly s t s  b e y o n d  6 7 %  is  n o t  p o s i t i v e l y  in f lu e n c e d  fo r  

a r o m a t ic  p r o d u c t io n .
F u r th e r , a s  in d ic a t e d  in  F ig u r e  4 . 2 7 ,  it i s  o b s e r v e d  th a t  a r o m a t ic  

s e l e c t i v i t y  is  i n c r e a s e d  w ith  in c r e a s in g  T O S  fo r  a ll  th e  h y b r id  c a t a ly s t s .  T h e  in c r e a s e  

in  t h e  a r o m a t ic  s e l e c t i v i t y  w i t h  T O S  s h o w s  a  s ig n i f i c a n t  r e la t io n s h ip  to  th e  p r o d u c t  

s e l e c t i v i t y  o f  F T  s y n t h e s i s  w i t h  T O S  a s  s h o w n  in  F ig u r e  4 . 2 8 .  In  t h e  F T  s y n t h e s is  

w it h  F e C o K  c a t a l y s t  a t s a m e  c o n d i t io n s  s h o w s  a n  i n c r e a s e  in  Cs+ f r a c t io n  ( C 5 a n d  

a b o v e )  w i t h  T O S  a n d  th e  in c r e a s e  in  a r o m a t ic  s e l e c t i v i t y  s e e m s  r e la te d  to  th is  

in c r e a s e  in  C 5+ fr a c t io n . T h is  in f o r m a t io n  s u g g e s t s  th a t  th e  a r o m a t ic s  fo r m e d  in  

h y b r id  c a t a ly s t s  o f  F e C o K  a n d  H Z S M 5  a re  m a in ly  f r o m  a r o m a t iz a t io n  o f  Cs+  

p r o d u c t s  o f  F T  s y n t h e s i s .  T h e  c o m b i n e d  g r a p h  i s  p r e s e n t e d  in  F ig u r e  4 .2 9 .

Figure 4.27 Aromatic selectivity for hybrid catalysts o f FeCoK and HZSM5 with
TOS (GHSV = 4,800 cm3/g.h, T -  310 °c, p = 20 bar, and H2/CO = 1.5).
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TOS(min)

“♦~C5 . . -&-C6 -+-C7 -0-C7+ -B-Totâl C5+

F i g u r e  4 .2 8  C h a n g e  o f  C 5+ p r o d u c t  f r a c t io n  a n d  in d iv id u a l  c a r b o n  n u m b e r  

s e l e c t i v i t y  f o r  F e C o K  c a t a ly s t  w i t h  T O S  ( G H S V  =  4 , 8 0 0  c m 3/ g .h ,  T  =  3 1 0  °c, p  =  

2 0  b a r , a n d  H 2 / C O .=  1 .5 ) .

-♦ -FeCoK  -*-33ZFeCoK -^ 44ZFeC oK  K>67ZFeCoK
-» -75ZFeCoK  -*-80ZFeCoK -o F e C o K C 5 +

Figure 4.29 Selectivity o f c5+ for FeCoK and aromatic for hybrid catalysts with
TOS (GHSV = 4,800 cm3/g.h, T = 310 °c, p = 20 bar, and H2/CO = 1.5).
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T h e  lo w e r  a r o m a t ic  s e l e c t i v i t y  i s  o b s e r v e d  f o r  3 3 Z F e C o K  a n d  

4 4 Z F e C o K  c o u ld  b e  d u e  t o  th e  i n s u f f ic i e n t  a v a i la b i l i t y  o f  H Z S M 5 ,  w h i c h  g o v e r n s  

th e  a r o m a t iz a t io n  a c t iv i t y .
A s  H Z S M 5  p la y s  a  r o le  in  b o th  a r o m a t iz a t io n  a n d  c r a c k in g ,  th e  

a v a i la b i l i t y  o f  H Z S M 5  le a d s  to  p r o d u c e  a r o m a t ic  a n d  l ig h t  p r o d u c t s  b y  a r o m a t iz a t io n  

a n d  c r a c k in g  r e s p e c t i v e ly .  In  th e  c a s e s  o f  h ig h e r  c o n t e n t s  o f  H Z S M 5  in  th e  h y b r id  

c a t a ly s t s ,  it i s  o b s e r v e d  th a t  l ig h t  h y d r o c a r b o n s  a r e  in c r e a s e d  a s  s h o w n  in  th e  F ig u r e  

4 .3 1 .  T h is  c o u ld  b e  d u e  t o  th e  a v a i la b le  e x t e r n a l  s u r f a c e  o f  F I Z S M 5  fo r  c r a c k in g  

a c t iv i t y .  T h is  c o u ld  b e  th e  r e a s o n  f o r  lo w e r  a r o m a t ic  in  th e  c a s e s  o f  7 5  a n d  8 5 %  

H Z S M 5  in  th e  h y b r id  c a t a ly s t s .

F i g u r e  4 .3 0  S e le c t iv i t y  o f  C 1- C 4 fo r  F e C o K  a n d  h y b r id  c a t a ly s t s  w i t h  T O S  ( G H S V  

=  4 , 8 0 0  c m 3/ g .h ,  T  =  3 1 0  °c, p  =  2 0  b a r , a n d  H 2/ C O  = 1 . 5 ) .

C O  c o n v e r s i o n  a n d  to ta l  p r o d u c t  d i s t r ib u t io n  in  e a c h  a c t iv i t y  t e s t  w ith  

h y b r id  c a t a ly s t s  o f  F e C o K  a n d  H Z S M 5  i s  p r e s e n t e d  in  T a b le  4 .8  a f te r  4 3 0  m in  T O S .
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T a b l e  4 .8  C O  c o n v e r s i o n  a n d  p r o d u c t  s e l e c t i v i t y  fo r  d i f f e r e n t  h y b r id  c a t a ly s t s  a fte r  

4 3 0  m in  T O S  ( G H S V  =  4 ,8 0 0  c m 3/ g .h ,  T  =  3 1 0  ๐c ,  p  =  2 0  b a r , a n d  H 2/ C O  =  1 .5 )

F e C o K 3 3 Z F e C o K 4 4 Z F e C o K 6 7 Z F e C o K 7 5 Z F e C o K SO Z F eC oK

C O  C on version 9 8 .0 3 9 8 .2 3 9 7 .7 1 9 5 .3 0 9 7 .4 0 9 7 .1 9

N o n  arom atics

o ๐ t-J 1 9 .3 9 2 0 .6 9 1 6 .0 0 1 6 .8 8 1 8 .4 1 1 5 .8 6

C l 2 0 .2 1 21 16 2 2 .5 1 2 5 .5 9 2 4 .6 9 2 4 .6 4

c 2 2 2 .0 1 7 .2 4 6 .7 7 5 .8 8 4 .6 4 4 .3 8

ci 1 6 .9 6 1 2 .1 1 1 5 .4 6 2 5 .8 9 2 7 .4 6  ■ 3 1 .0 9

C r 3 .8 8 3 1 .2 2 3 0 .7 2 1 5 .0 0 1 9 .3 0  .' 1 8 .8 7

Cs 9 .1 8 4 .4 0 4 .6 8 5 .2 8 1 6 9 1 .53

Q 5 .4 9 1 .2 2 0 .8 8 0 .4 3 0 .2 5 ' 0 .1 8

c 7 2 .3 0 0 .1 6 0 .2 8 0 .1 1 o o 0 .0 0

C s 0 .5 9 0 .0 0 0 .0 0 0 .0 0 0 .0 0  ; 0 .0 0

A rom atics 0 .0 0 1 .7 9 2 .6 9 4 .9 4 3 .5 5 3 .4 5

B enzen e 0 .0 0 0 .3 9 0 .5 2 1 .1 5 1 .3 2  ■ 1 .2 6

T ohjene 0 .0 0 1 .1 3 1 .3 7 2 .6 6 1 .7 6 1 .74

Ethyl b en zen e 0 .0 0 0 .0 7 0 .1 7 0 .2 8 0 .1 2  ' 0 .11

X ylen es 0 .0 0 0 .2 2 0 .6 3 0 .8 5 0 .3 5 0 .3 5

Ac 9- 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0  . 0 .0 0

vOcT'
Ô3>o
' ( จ ีE๐
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Figure 4.31 Aromatic yield for FeCoK and hybrid catalysts after 430 min TOS
(GHSV = 4,800 cm3/g.h, T = 310 ๐c ,  p = 20 bar, and H2/CO = 1 .5 ).
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T h e  h ig h e s t  a r o m a t ic  y i e l d  i s  o b ta in e d  w i t h  h y b r id  c a t a ly s t  6 7 Z F e C o K  

at 4 3 0  m in  t im e  o n  s tr e a m  b e c a u s e  th e  c o n v e r s i o n  i s  n o t  s i g n i f i c a n t ly  a f f e c t e d  b y  th e  

a m o u n t  o f  H Z S M 5  c o n t e n t  in  th e  c a t a ly s t  s h o w i n g  a r o u n d  9 5 %  f o r  a l l  th e  c a s e s .  
H e n c e  th e  v a r ia t io n  o f  a r o m a t ic  y ie ld  i s  s a m e  a s  t h e  a r o m a t ic  s e l e c t i v i t y  g iv i n g  

h ig h e s t  a r o m a t ic  y i e ld  o f  4 .7 %  w it h  6 7 Z F e C o K  a f te r  4 3 0  m in  t im e  o n  s tr e a m  a s  

s h o w n  in  F ig u r e  4 .3 2 .
W it h  a ll  a b o v e  r e s u lt s ,  it  c a n  b e  o b s e r v e d  th a t  a v a i l a b i l i t y  o f  s u f f ic i e n t  

a m o u n t  o f  H Z S M 5  c a t a ly s t  i s  v e r y  im p o r ta n t  in  c o n v e r t in g  s y n g a s  to  a r o m a t ic s  

b e c a u s e  in  th e  c a s e  o f  3 3 Z F e C o K  a n d  4 4 Z F e C o K ,  a r o m a t ic  y i e l d  i s  l o w  d u e  to  

i n s u f f i c i e n c y  i f  H Z S M 5  c a t a ly s t .  T h e  h ig h e r  a m o u n t  o f  H Z S M 5  i s  a l s o  u n f a v o r a b le  

fo r  s y n g a s  a r o m a t iz a t io n  d u e  t o  c h a n g e  o f  p r o d u c t  s e l e c t i v i t y  t o  l ig h t e r  p r o d u c t s ,  
w h ic h  a re  d i f f i c u l t  to  a r o m a t iz e  w it h  H Z S M 5  at lo w e r  t e m p e r a t u r e s  l ik e  3 1 0  °c. T h e  

c o m b in a t io n  o f  6 7 Z F e C o K  ( H Z S M 5 / F e C o K  =  2 )  i s  o b s e r v e d  a s  b e s t  p e r fo r m e r  

p r o v id in g  th e  h i g h e s t  a r o m a t ic  s e l e c t i v i t y  a m o n g  th e  c o m b i n a t i o n s  s t u d ie d .
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