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P R E F A C E 

The o i l c r i s i s of 1973 and the growing awareness t h a t o i l r e c o u r c e s are not 

i n e x h a u s t i b l e , as expressed i n the r e p o r t of the Club of Rome " L i m i t s t o 

growth", have r a i s e d a c o n s i d e r a b l e i n t e r e s t i n the use of c o a l as an energy 

source and a f e e d s t o c k f o r the chemical i n d u s t r y . Coal c o n s t i t u t e s about 76% 

of the proven f o s s i l f u e l r e s e r v e s , o i l o n l y about 14Z. 

Although the d i r e c t a p p l i c a t i o n of c o a l as an energy c a r r i e r , f o r example 

by b u r n i n g i t f o r e l e c t r i c i t y g e n e r a t i o n , w i l l undoubtedly remain i m p o r t a n t , 

i t i s r e a l i z e d a l s o t h a t c o a l has a number of disadvantages i n comparison to 

l i q u i d or gaseous energy c a r r i e r s . Coal i s a s o l i d and t h e r e f o r e d i f f i c u l t i n 

h a n d l i n g , t r a n s p o r t and s t o r a g e . I t c o n t a i n s contaminations l i k e ash forming 

compounds and s u l p h u r , which may cause severe environmental problems. From the 

c h e m i c a l p o i n t of view c o a l has a low, u n f a v o r a b l e H/C r a t i o , and i t cannot be 

c r a c k e d d i r e c t l y to products as low o l e f i n s , which are d e s i r a b l e f e e d s t o c k s 

f o r the c h e m i c a l i n d u s t r i e s . Moreover, the v a s t worldwide r e f i n i n g c a p a c i t y 

b u i l t i n the l a s t decades cannot e a s i l y be r e b u i l t to process c o a l . 

Many of these problems are circumvented i f c o a l i s converted i n t o l i q u i d or 

gaseous p r o d u c t s , which can be used as f u e l s or as f e e d s t o c k s . B a s i c a l l y t h e r e 

are two ways to c o n v e r t c o a l i n t o l i q u i d s or gases. I n the f i r s t p l a c e , c o a l 

can be d i s s o l v e d i n an o r g a n i c s o l v e n t to i n c r e a s e the H/C r a t i o and s e c o n d l y , 

c o a l can be g a s i f i e d w i t h oxygen and steam to form s y n t h e s i s gas, a m i x t u r e 

of m a i n l y two gases: CO and I ^ . S y n t h e s i s gas can a l s o be produced from o t h e r 

carbon sources, f o r example by steam r e f o r m i n g of n a t u r a l gas, or by p a r t i a l 

o x i d a t i o n of heavy petroleum f r a c t i o n s ( s y n t h e s i s gas from the bottom of the 

b a r r e l ) . As f i g u r e 1 i l l u s t r a t e s , a l a r g e number of products can be d e r i v e d 

from s y n t h e s i s gas by means of c a t a l y t i c p r o c e s s e s . One of these processes i s 

the F i s c h e r - T r o p s c h s y n t h e s i s , the p r o d u c t i o n of hydrocarbons from CO and 

w i t h i r o n or c o b a l t c a t a l y s t s . The c h a r a c t e r i z a t i o n of i r o n and i r o n a l l o y 

F i s c h e r - T r o p s c h c a t a l y s t s forms the s u b j e c t of i n v e s t i g a t i o n i n t h i s t h e s i s . 

The c o n v e r s i o n of s y n t h e s i s gas i n t o hydrogen, methane or methanol can be 

i v 



Hydrogen 

Coa l 
SNG (methanaiion) 

Natural gas 
Synthesis 

gas Methanol 

CO * H 2 

X 
Hydrocarbons 
(Fischer-Tropsch synthesis) Heavy petroleum 

fractions 
Oxygenated products 

F i g . 1 P r o d u c t i o n and use of s y n t h e s i s gas 

performed w i t h h i g h s e l e c t i v i t y , almost 100%. Such i s not the case i n the 

F i s c h e r - T r o p s c h s y n t h e s i s . Here a broad range.of p r o d u c t s i s formed, which 

v a r i e s from the s i m p l e s t hydrocarbon, CH^, to the longer m o l e c u l e s which are 

present i n g a s o l i n e , d i e s e l o i l or even waxes. As w i l l be d e s c r i b e d i n 

chapter one of t h i s t h e s i s , l a c k of s e l e c t i v i t y i s one of the major draw

backs of the F i s c h e r - T r o p s c h p r o c e s s . M o d i f i c a t i o n of the c a t a l y s t by 

a d d i t i o n of promoters, l i k e potassium or manganese o x i d e , or by a l l o y i n g w i t h 

other metals may be a means to improve the s e l e c t i v i t y of the s y n t h e s i s 

towards d e s i r a b l e p r o d u c t s , such as low o l e f i n s or oxygenated hydrocarbons. 

At present, p r o d u c t i o n of H 2 , SNG ( s u b s t i t u t e n a t u r a l gas) and methanol 

occurs on a commercial s c a l e . F i s c h e r - T r o p s c h s y n t h e s i s i s o n l y used i n South 

A f r i c a , where i n e x p e n s i v e c o a l i s a v a i l a b l e and a s t r o n g d e s i r e e x i s t s to 

become independent of f o r e i g n o i l s u p p l i e r s . The c o n v e r s i o n of s y n t h e s i s gas 

i n t o oxygenated hydrocarbons as a c e t i c a c i d or e t h a n o l , w i t h c a t a l y s t s which 

are u s u a l l y based on rhodium, may be a p r o m i s i n g p o s s i b i l i t y f o r the f u t u r e . 

T h i s t h e s i s d e a l s w i t h the c h a r a c t e r i z a t i o n of i r o n and i r o n a l l o y F i s c h e r -

Tropsch c a t a l y s t s by means of Mossbauer s p e c t r o s c o p y . I n the f i r s t two 

chap t e r s we w i l l r e v i e w the F i s c h e r - T r o p s c h s y n t h e s i s and Mossbauer s p e c t r o s 

copy. The c a r b u r i z a t i o n of unsupported and unpromoted i r o n c a t a l y s t s d u r i n g 

F i s c h e r - T r o p s c h s y n t h e s i s i s the s u b j e c t of study i n the c h a p t e r s t h r e e , f o u r 

and f i v e , whereas the i m p l i c a t i o n s of the c a r b u r i z a t i o n process f o r the 

c a t a l y t i c b e h a v i o r of i r o n c a t a l y s t s w i l l be d i s c u s s e d i n chapter s i x . I n the 
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next chapter we d e s c r i b e the c h a r a c t e r i z a t i o n of manganese promoted i r o n 

c a t a l y s t s , which are b e l i e v e d to be s e l e c t i v e f o r the p r o d u c t i o n of low 

o l e f i n s as e t h y l e n e and p r o p y l e n e . Chapter e i g h t d e a l s w i t h the c h a r a c t e r 

z a t i o n of an i r o n a l l o y c a t a l y s t , FeRh/SiC^. T h i s so c a l l e d supported b i 

m e t a l l i c c l u s t e r c a t a l y s t shows a h i g h s e l e c t i v i t y f o r the s y n t h e s i s of 

oxygenated hydrocarbons from CO and H . A f i n a l d i s c u s s i o n i n chapter n i n e 

concludes t h i s t h e s i s . 
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1 H Y D R O G E N A T I O N O F C A R B O N M O N O X I D E 

I n t r o d u c t i o n . 

The F i s c h e r - T r o p s c h process i s the s y n t h e s i s of a m i x t u r e of hydrocar

bons and t h e i r d e r i v a t i v e s from the gases CO and over Fe,Co or Ru c a t a 

l y s t s . These hydrocarbons can be u n s a t u r a t e d ( o l e f i n s , g e n e r a l formula 

C nH2 n, n > 1), s a t u r a t e d ( p a r a f f i n s , c
n
H 2 n + 2 ' n * a n d e v e n t u a l l y oxygen

ated ( g e n e r a l formula C^H^O, n, m S 1). C l o s e l y r e l a t e d to F i s c h e r - T r o p s c h 

s y n t h e s i s are methanation (the f o r m a t i o n of CH^ from CO and over N i 

c a t a l y s t s ) and, perhaps a l i t t l e f u r t h e r away from the F i s c h e r - T r o p s c h 

s y n t h e s i s than methanation, methanol (CH^OH) s y n t h e s i s . I n t h i s chapter we 

w i l l not c o n f i n e o u r s e l v e s to F i s c h e r - T r o p s c h s y n t h e s i s o n l y , but, more 

g e n e r a l l y c o n s i d e r CO hydrogénation over group V I I I m e t a l s : 

0 0 + H 2 S r O U 4 5 0 - 7 0 0 m K t a l S ' C n H 2 n ' C n H2n+2' C n H m° 

An overwhelming q u a n t i t y of l i t e r a t u r e e x i s t s on the s u b j e c t . T h i s c h a p t e r 
1 . 2 i s m a i n l y based on a few r e c e n t reviews by B e l l , B i l o e n and S a c h t l e r , 

3 .4 Ponec , and Somorjai . 

H i s t o r y . 

The h i s t o r y of the c a t a l y t i c hydrogénation of CO"' goes back t o 1902, 

when S a b a t i e r and Senderens^ d i s c o v e r e d the r e a c t i o n of CO and H. to CH. 
2 4 

w i t h a N i c a t a l y s t . E l e v e n years l a t e r r e a c t i o n s of CO and to h i g h e r hy

drocarbons and oxygenated products over supported Co and 0s were d i s c l o s e d 
i n p a t e n t s by the Badische A n i l i n und Soda F a b r i k ^ . I n 1923 F i s c h e r and 

g 

Tropsch r e p o r t e d s i m i l a r r e a c t i o n s a t h i g h p r e s s u r e s , w i t h a l k a l i promoted 

i r o n c a t a l y s t s . F u r t h e r r e s e a r c h i n Germany l e d i n 1936 to the f i r s t commer

c i a l F i s c h e r - T r o p s c h p l a n t , which worked w i t h a Co-based c a t a l y s t . Nine 

o t h e r p l a n t s f o l l o w e d and d u r i n g the second w o r l d war Germany produced a 

p a r t of i t s own g a s o l i n e , d i e s e l o i l , l u b r i c a n t s and waxes v i a F i s c h e r -

Tropsch s y n t h e s i s . At the end of the war some of the p l a n t s had been des-
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t r o y e d , the o t h e r s c l o s e d s h o r t l y t h e r e a f t e r . 

The German F i s c h e r - T r o p s c h r e s e a r c h was continued i n the USA d u r i n g the 

years a f t e r the second w o r l d war. A p p a r e n t l y , t h e r e were two reasons f o r 

t h i s . F i r s t , the low p r i c e of CH^ from newly e x p l o r e d sources i n the USA 

made p r o d u c t i o n of s y n t h e s i s gas (CO,^) from CH^ and H^O v e r y a t t r a c t i v e . 

Second, f u t u r o l o g i s t s expected t h a t the p r o d u c t i o n of f u e l s from crude o i l 

would not keep pace w i t h an e x p l o s i v e l y growing car i n d u s t r y . The post-war 

F i s c h e r - T r o p s c h r e s e a r c h l e d to the well-known book by S t o r c h , Golumbic and 
9 

Anderson "The F i s c h e r - T r o p s c h and r e l a t e d syntheses" , which i s up to today 

an important r e f e r e n c e work on the s u b j e c t . 

In the 1950's l a r g e q u a n t i t i e s of cheap o i l became a v a i l a b l e and the 

i n t e r e s t i n F i s c h e r - T r o p s c h s y n t h e s i s d e c l i n e d everywhere. Except i n South 

A f r i c a . Since 1955 t h i s c o u n t r y has been u s i n g i t s l a r g e q u a n t i t i e s of 

e a s i l y mineable c o a l i n F i s c h e r - T r o p s c h p l a n t s to f u l f i l l i n t h i s way i t s 

w i s h to become independent of e x t e r n a l o i l s u p p l i e r s . 

The o i l c r i s i s of 1973 and the growing concern t h a t o i l w e l l s may dry 

up somewhere i n the next c e n t u r y has renewed the i n t e r e s t i n c o a l as a f e e d 

s t o c k f o r f u e l s and c h e m i c a l s . Undoubtedly, the F i s c h e r - T r o p s c h s y n t h e s i s 

r e p r e s e n t s a "proven t e c h n o l o g y " f o r the c o n v e r s i o n of c o a l - d e r i v e d synthe

s i s gas i n t o many p r o d u c t s . However, t h i s does not imply t h a t the process i s 

e c o n o m i c a l l y a t t r a c t i v e . One reason i s the r e l a t i v e l y h i g h p r i c e of s y n t h e s i s 

gas, which at p r e s e n t would account f o r 60-70% of the t o t a l p r i c e of the 

p r o d u c t s . Lack of s e l e c t i v i t y , which makes c o s t l y s e p a r a t i o n s of the v a r i o u s 

products n e c e s s a r y , i s another key problem. At p r e s e n t v i r t u a l l y a l l p e t r o 

chemical i n d u s t r i e s and c a t a l y s t manufacturers c a r r y out some r e s e a r c h on 

the F i s c h e r - T r o p s c h s y n t h e s i s and the e f f o r t i s m a i n l y d i r e c t e d at r e a c h i n g 

improved s e l e c t i v i t i e s towards d e s i r a b l e p r o d u c t s . A l t h o u g h some times 

f a v o r a b l e r e s u l t s have been r e p o r t e d , i t i s not expected t h a t F i s c h e r -

Tropsch s y n t h e s i s w i l l be used on a commercial s c a l e i n about the next 20 

y e a r s , except i n emerging s i t u a t i o n s . Methane and methanol syntheses on the 

o t h e r hand appear to be e c o n o m i c a l l y v i a b l e processes and a l s o the d i r e c t 

s y n t h e s i s of v a r i o u s oxygenated products from syngas would be d e s i r a b l e . 
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Much of the academic r e s e a r c h has focussed on the understanding of the 

mechanism of CO hydrogénation. Thi s i n c l u d e s such a s p e c t s as the chemisorp-

t i o n of CO on the c a t a l y s t , the sequence of elementary r e a c t i o n s t e p s , the 

m o d e l l i n g of product d i s t r i b u t i o n s and the r o l e of v a r i o u s promotors. I n the 

f o l l o w i n g paragraphs we w i l l r e v i e w some of these a s p e c t s . 

Group V I I I metal c a t a l y s t s . 

A l l group V I I I metals c a t a l y z e the r e a c t i o n between CO and H^, each 

metal w i t h a d i f f e r e n t a c t i v i t y and i t s own c h a r a c t e r i s t i c product s e l e c t i v 

i t y . Of course, these s e l e c t i v i t i e s are a l s o g r e a t l y a f f e c t e d by the c h o i c e 

of the r e a c t i o n c o n d i t i o n s , as temperature, p r e s s u r e , : CO r a t i o i n the 

feed gas and c o n v e r s i o n l e v e l and,not to f o r g e t , by the presence of promotors 

i n the c a t a l y s t . Table I g i v e s the s e l e c t i v i t i e s of the group V I I I metals 

under c e r t a i n optimum c o n d i t i o n s , u s u a l l y a t h i g h p r e s s u r e . The remarkable 

d i f f e r e n c e s i n product s e l e c t i v i t i e s between Pd, I r ; P t and the o t h e r m e t a l s 

suggest t h a t d i f f e r e n t r e a c t i o n mechanisms are i n v o l v e d . We w i l l come to t h i s 

l a t e r i n i n t h i s c h a p t e r . 

Table I . C h a r a c t e r i s t i c product s e l e c t i v i t i e s of the group V I I I metals i n 
CO hydrogénation (under c e r t a i n optimum process c o n d i t i o n s ) . 

c a t a l y s t p r oducts 

Fe p a r a f f i n s , o l e f i n s and oxygenated products 

Co p a r a f f i n s i n g a s o l i n e and d i e s e l o i l range 

N i methane (~ 100%) 

Ru h i g h m o l e c u l a r weight p a r a f f i n s 

Rh p a r a f f i n s or oxygenated products 

Pd methanol (~ 100%) 

Os l i q u i d p a r a f f i n s , o l e f i n s , oxygenated p r o d u c t s 

I r methanol and methane 

Pt methanol and methane 
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Table I I . C a t a l y t i c a c t i v i t y of the group V I I I metals i n CO hydrogénation 
at 275°C, atmospheric p r e s s u r e , H /CO = 3 and c o n v e r s i o n below 5%. 

c a t a l y s t 
N C H 4 - ° 3 ^ 

c a t a l y s t , a) N *10 J 

CH 4 

Ru 181 Rh 13 

Fe 57 Pd 1 2 

N i 32 Ft 2.7 

Co 20 I r 1.8 

a) N : number of CH. molecules formed per metal s u r f a c e atom and per 
second. Data from Vannice 

At low p r e s s u r e , 1 atm., methane i s the predominant r e a c t i o n product 

w i t h a l l the group V I I I m e t a l s . V a n n i c e " i n v e s t i g a t e d these metals ( w i t h 

the e x c e p t i o n of Os), supported on alumina, i n CO hydrogenation a t 275°C 

and 1 atm t o t a l p r e s s u r e . He expressed the c a t a l y t i c a c t i v i t i e s as t u r n o v e r 

numbers: the number of product molecules t h a t i s formed per metal atom a t 

the s u r f a c e and per second. T h i s a l l o w s one t o compare the i n t r i n s i c 

a c t i v i t y of one c a t a l y t i c s i t e f o r a l l the group V I I I m e t a l s . Some of Van-

n i c e 1 s r e s u l t s are g i v e n i n t a b l e I I . Large d i f f e r e n c e s i n a c t i v i t y e x i s t , 

the most and the l e a s t a c t i v e m e t a l , Ru and I r r e s p e c t i v e l y , d i f f e r by a 

f a c t o r of about 100. 

The f i r s t c h e mical s t e p i n any h e t 

e r o g e n e o u s - c a t a l y t i c r e a c t i o n i s the 

a d s o r p t i o n o f the r e a c t a n t s on the s u r 

face of the c a t a l y s t . K i s r e a d i l y ad

sorbed and d i s s o c i a t e d on the group 

1 2 

V I I I metals . A l s o CO a d s o r p t i o n o c 

curs on a l l these m e t a l s , but d i s s o 

c i a t i o n does not f o l l o w i n a l l cases'. 

F i g . 1 CO a d s o r p t i o n on group V I I I At room temperature CO d i s s o c i a t e s on-

metals at r e a c t i o n temperatures. l y on Fe. A t r e a c t i o n temperatures, 

CO disspciatively adsorbed 

F e C o Ni 

Ru Rh 

O s 

Pd 

Ir Pt 
CO molecularly adsorbed 

4 



200 - 350 C, CO d i s s o c i a t e s e a s i l y on s i x out of n i n e m e t a l s , as i s i l l u 

s t r a t e d i n f i g u r e 1. Only on Pd, I r and Pt CO i s to a g r e a t e x t e n t molecu

l a r l y adsorbed at r e a c t i o n temperatures. A g a i n we note a d i f f e r e n c e between 

Pd, I r , P t and the other group V I I I m e t a l s . 

On a l l metals CO i s absorbed w i t h the a x i s C-0 p e r p e n d i c u l a r l y to the 

s u r f a c e , the c h e m i s o p r t i o n bond i s m a i n l y t h a t between the metal and the 

carbon atom. The a d s o r p t i o n i s c a l l e d l i n e a r , b r i d g e d or m u l t i p l y bound 

when r e s p e c t i v e l y one, two or more metal atoms are i n v o l v e d i n c o o r d i n a t i n g 

CO ( f i g . 2 ) . The c h e m i s o r p t i o n bond between CO and the metal c o n s i s t s of 

two c o n t r i b u t i o n s : 1) d o n a t i o n of e l e c t r o n s from the 5a o r b i t a l of the CO 

molecule i n t o the unoccupied metal o r b i t a l s and 2) backdonation of e l e c t r o n s 

from occupied metal o r b i t a l s i n t o the unoccupied ir o r b i t a l s of the CO 

molecule. The 5c o r b i t a l i s non bonding w i t h r e s p e c t to the C-0 bond, t h e r e 

f o r e 5a d o n a t i o n w i l l not promote the d i s s o c i a t i o n of the CO molecule. The 

IT however, i s an a n t i b o n d i n g o r b i t a l w i t h r e s p e c t to the C-0 bond. Thus 

backdonation from the metal w i l l weaken the C-0 bond, and p o s s i b l y promote 

d i s s o c i a t i o n of the CO molecule. 

The exact mechanism of C-0 bond b r e a k i n g i s not c l e a r y e t . I t seems 

probable t h a t some k i n d of bending of the p e r p e n d i c u l a r l y adsorbed CO 

molecule must occur i n order to enable the f o r m a t i o n of a metal-oxygen bond. 

Such a process r e q u i r e s the p a r t i c i p a t i o n of an ensemble of s e v e r a l m etal 
13 

atoms. A r a k i and Ponec have presented c l e a r evidence t h a t , indeed, an 

ensemble of N i atoms a t the s u r f a c e of the metal i s i n v o l v e d i n CO d i s s o 

c i a t i o n . D i l u t i n g N i w i t h Cu, which does not adsorb CO, l e d to a s t r o n g 

decrease i n CO d i s s o c i a t i o n , much s t r o n g e r than p r o p o r t i o n a l to the number 

of Cu atoms i n the s u r f a c e of the NiCu a l l o y . 
1 

0 0 0 
II 

,-C, c c 

M - M - M M - M % ™ 

F i g . 2. L i n e a r , b r i d g e d and m u l t i p l e CO a d s o r p t i o n on the group V I I I m etal M. 
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Mechanism of CO hydrogenation. 

At a f i r s t glance the c a t a l y t i c r e a c t i o n between CO and l o o k s l i k e 

a r e l a t i v e l y simple r e a c t i o n . N e v e r t h e l e s s , i t s mechanism has been the 

s u b j e c t of c o n t r o v e r s y f o r many y e a r s . T h i s i s m a i n l y due to the f a c t t h a t 

s e v e r a l suggested mechanisms, which employed d i f f e r e n t i n t e r m e d i a t e s , were 

a l l a b l e to d e s c r i b e the e x p e r i m e n t a l data adequately. During the l a s t f i v e 

years a number of c r u c i a l experiments have been c a r r i e d o u t , t h a t have l e d 

to an almost g e n e r a l l y accepted r e a c t i o n mechanism. For d e t a i l e d reviews on 
1 2 t h i s s u b j e c t we r e f e r to B e l l and B i l o e n and S a c h t l e r . 

V a n n i c e " a n a l y z e d h i s r e s u l t s over the group V I I I metals i n terms of 

a power r a t e law: 

" E a / R T X Y 
N C H 4

= A e P H 2
P C O ( 1> 

i n which N i s the number of CH. molecules formed per s i t e per second, A 

i s the p r e e x p o n e n t i a l f a c t o r , E^ the a c t i v a t i o n energy, R the gas c o n s t a n t , 

T the a b s o l u t e temperature, P the p a r t i a l p r e s s u r e and X and Y the order i n 

and CO r e s p e c t i v e l y . For the group V I I I metals t h a t d i s s o c i a t e CO a t 

r e a c t i o n temperature Vannice found a c t i v a t i o n e n e r g i e s i n the range 21-27 

kcal/mole and a s l i g h t l y n e g a t i v e order i n CO, whereas f o r Pd, I r and P t , 

which adsorb CO m o s t l y m o l e c u l a r l y , was i n the range 17-20 kcal/mole and 

Y was s l i g h t l y p o s i t i v e . In a l l cases the order i n was p o s i t i v e , between 

0.7 and 1.6. Again we note the d i f f e r e n t b e h a v i o r of the metals Pd, I r and 

P t , t h i s time m a n i f e s t i n g i t s e l f i n s l i g h t l y d i f f e r e n t k i n e t i c parameters. 

I t i s c l e a r t h a t a good k i n e t i c model should l e a d to the power r a t e law as 

s t a n d i n g above, w i t h the c o r r e c t v a l u e s f o r the r e a c t i o n orders X and Y. 

Another o b s e r v a t i o n wich must be accounted f o r i s t h a t the d i s t r i b u t i o n s 

of hydrocarbons l o n g e r than formed upon CO hydrogenation o f t e n obey the 

so c a l l e d S c h u l z - F l o r y d i s t r i b u t i o n . T h i s i s o f t e n t r u e even under i n d u s t r i a l 

c o n d i t i o n s . 

A S c h u l z - F l o r y product d i s t r i b u t i o n i m p l i e s t h a t the hydrocarbons are 

formed i n a p o l y m e r i z a t i o n p r o c e s s , i n which the monomers are formed i n 
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s i t u i n the CO + H_ r e a c t i o n . I f c i s the r e l a t i v e c o n c e n t r a t i o n of hydro-2 n ' 
carbons w i t h n carbon molecules than 

c = ( l n 2 a ) a n (2) 

lo g c = 2 l o g ( l n a ) + n l o g a (3) 

where a, the c h a i n growth parameter, i s the p r o b a b i l i t y t h a t a hydrocarbon 

w i t h n molecules w i l l c o n t i n u e to grow and In a i s a n o r m a l i z a t i o n c o n s t a n t . 

From e q u a t i o n (2) i t i s apparent t h a t f o r any p a r t i c u l a r a between 0 and 1 

a d i s t r i b u t i o n of products a r i s e s , whereas the product d i s t r i b u t i o n 

approaches 100% CH^ (or 100% CH 30H) i n the l i m i t f o r a * 0. 

The d i s t r i b u t i o n of products t h a t a r e formed i n the F i s c h e r - T r o p s c h 
15 9 process has f i r s t been analyzed by H e r i n g t o n and l a t e r by Anderson . I n 

p a r a l l e l to t h i s and p a r t l y e a r l i e r Schulz d e s c r i b e d the d i s t r i b u t i o n of 

products of any p o l y m e r i z a t i o n r e a c t i o n by e q u a t i o n ( 2 ) , a f u n c t i o n which 

now bears h i s and F l o r y ' s name. Although Anderson's d i s t r i b u t i o n f u n c t i o n 

d e s c r i b e s the F i s c h e r - T r o p s c h product d i s t r i b u t i o n as good as the S c h u l z -

F l o r y d i s t r i b u t i o n , the l a t t e r i s used more f r e q u e n t l y . 

U n f o r t u n a t e l y s e v e r a l k i n e t i c models are e q u a l l y w e l l c o n c e i v a b l e which 

are c o n s i s t e n t w i t h Vannice's d a t a ' ' and a l s o the concept of a S c h u l z - F l o r y 

d i s t r i b u t i o n . Vannice o b t a i n e d an e x c e l l e n t d e s c r i p t i o n of h i s r e s u l t s w i t h 

a model based on CHOH i n t e r m e d i a t e s and CO bond d i s s o c i a t i o n i n these 
2 

complexes as the r a t e d e t e r m i n i n g s t e p . A c c o r d i n g to B i l o e n and S a c h t l e r a 

model which i n v o l v e s C i n t e r m e d i a t e s and the r e a c t i o n C + x H as the r a t e 
d e t e r m i n i n g step a l s o l e a d s to an adequate d e s c r i p t i o n of the r e s u l t s . A r a k i 

13 16 17 18 
and Ponec , Wentrcek e t a l . , B i l o e n e t a l . and Rabo et a l . have c l e a r 
l y shown t h a t carbon atoms a t the s u r f a c e of the c a t a l y s t (C ), are the key 
i n t e r m e d i a t e s i n CO hydrogénation over N i , Co and Ru and t h a t , a t l e a s t w i t h 
these c a t a l y s t s oxygen c o n t a i n i n g i n t e r m e d i a t e s of the type CHOH or CO p l a y 

. . . . . . . 1 9 
a négligeable r o l e , b oth i n i n i t i a t i o n and i n chamgrowth. Brady and P e t i t 
showed t h a t CH. s p e c i e s are p o s s i b l y the i n s e r t a b l e monomers i n v o l v e d i n 
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c h a i n growth, s i n c e the r e a c t i o n between and diazomethane CHjN^ (which 

decomposes i n t o CH 2 and N,,) l e d to unbranched hydrocarbons w i t h an almost 

S c h u l z - F l o r y product d i s t r i b u t i o n . 

So a t pr e s e n t i t i s b e l i e v e d t h a t CO hydrogénation over Co, N i and Ru 

s t a r t s w i t h the d i s s o c i a t i v e a d s o r p t i o n of CO and H 2 > a f t e r which p a r t i a l 

hydrogénation leads to CH^ s p e c i e s . For the sake of s i m p l i c i t y we w i l l 

assume t h a t X=2. Methane i s formed by complete hydrogénation of t h i s CH^ 

s p e c i e s , whereas longer hydrocarbons are formed v i a a repeated CH^ i n s e r t i o n 

i n a l k y l g r o u p s , as i n d i c a t e d i n f i g u r e 3. The t e r m i n a t i o n r e a c t i o n determines 

whether the hydrocarbon molecule l e a v e s the c a t a l y s t s u r f a c e as alkane or 

alkene. T h i s mechanism can be r e p r e s e n t e d by the f o l l o w i n g sequence of elemen

t a r y steps as suggested by B e l l ' , i n which * i s an a c t i v e s i t e on the s u r f a c e 

of the c a t a l y s t and CO* i s a chemisorbed CO molecule: 

CO + * - CO 
* * * CO + * = C + 0 

H 2 + 2* = 2 H 

0* + 2H* = H"20 + 3* 

0* + CO* = C0 2 + 2* 

C + H = CH + * 

CH + H = CH 2 + * 

CH 2 + H CH 3 + * 

CH! + H* = CH, + 2* methane 3 4 

CH 3 + CH 2 = CH 3CH 2 + * 

CH 3CH* = CH 2CH 2 + H* e t h y l e n e 

CH 3CH* + H CH 3CH 3 + 2 * ethane 

and so on. 

T h i s scheme of r e a c t i o n s f o r the hydrogénation of CO i s v a l i d o n l y a t 

d i f f e r e n t i a l c o n d i t i o n s , i . e . when CO c o n v e r s i o n s are of the order of 1%. 

: 



R R 
\ \ 

F i g . 3. Chain growth by means of CH„ i n s e r t i o n i n a l k y l groups on the group 

At h i g h e r c o n v e r s i o n s secondary r e a c t i o n s of the p r o d u c t s , i n p a r t i c u l a r 

a d d i t i o n of o l e f i n s to form longer hydrocarbons, f o r m a t i o n of oxygenated 

products and h y d r o g e n o l y t i c r e a c t i o n s may occur. Such r e a c t i o n s w i l l be 

ignored i n t h i s t h e s i s . Since i t d e a l s o n l y w i t h low p r e s s u r e F i s c h e r - T r o p s c h 

s y n t h e s i s t h i s s i m p l i f i c a t i o n i s indeed p e r m i s s i b l e . 

For CO hydrogenation over Pd, I r and Pt a d i f f e r e n t mechanism might be 

o p e r a t i v e , s i n c e CO does not d i s s o c i a t e e a s i l y under r e a c t i o n c o n d i t i o n s . 
18 * A c c o r d i n g to Rabo e t . a l . the chemisorbed CO on Pd i s l e s s r e a c t i v e to 

than the s u r f a c e carbon C t h a t i s formed on N i , Ru and Co. The same w i l l 

p r o b a b l y be t r u e f o r I r and P t . Although the r e a c t i o n mechanism f o r the f o r 

mation of hydrocarbons v i a m o l e c u l a r l y adsorbed CO i s not y e t known, i t i s 

c o n c e i v a b l e t h a t i n t e r m e d i a t e s of the CHOH type c o u l d be i n v o l v e d , whereas 

c h a i n growth might occur e.g. v i a i n s e r t i o n of CO i n t o a metal-carbon bond. 

The u s e f u l n e s s of d e s c r i b i n g the F i s c h e r - T r o p s c h s y n t h e s i s i n terms of 

a sequence of elementary steps among which one step i s r a t e d e t e r m i n i n g , has 
1 2 

r e c e n t l y been questioned by Rofer-De P o o r t e r . She notes t h a t some i n t e r 

mediates may be produced by more than one r e a c t i o n p a t h and t h a t a p a r t i c u 

l a r i n t e r m e d i a t e may y i e l d more than one product. She proposes to d e s c r i b e 

the F i s c h e r - T r o p s c h mechanism w i t h a network of 55 elementary r e a c t i o n s , 

Such a r i g o r o u s approach i s i n p r i n c i p l e c o r r e c t . However, i n order t o 

perform c a l c u l a t i o n s on such a complex network a v e r y l a r g e s e t of d i f f e r e n 

t i a l e q u a t i o n s would be r e q u i r e d . In p r a c t i c e t h i s means t h a t u n l e s s the 

V I I I m etal M (R = C H n 2n+1 , n > 0 ) . 
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c o n d i t i o n s are such t h a t many of the 55 r e a c t i o n s i n the network w i l l have 

an almost zero r a t e , a n a l y s i s of e x p e r i m e n t a l data i s i m p o s s i b l e , even i n 

a q u a l i t a t i v e sense. In t h i s t h e s i s we w i l l o n l y i n t e r p r e t our r e s u l t s 

q u a l i t a t i v e l y i n terms of a r e a c t i o n scheme t h a t i s v e r y s i m i l a r to the one 

proposed by B e l l . ' However, we w i l l keep i n mind t h a t the other r e a c t i o n 

paths mentioned by Rofer-De P o o r t e r may a l s o be i n v o l v e d . 

F i s c h e r - T r o p s c h s y n t h e s i s over i r o n c a t a l y s t s . 

So f a r i r o n has been excluded from the d i s c u s s i o n of the r e a c t i o n 

mechanism of CO hyd r o g e n a t i o n over the group V I I I m e t a l s . Although CO 

adsorbs r e a d i l y on i r o n and d i s s o c i a t e s on i r o n even at room temperature,' 

the r e a c t i o n scheme as i s has been o u t l i n e d above cannot be a p p l i e d to the 

CO + H 2 r e a c t i o n over i r o n . The reason f o r t h i s i s t h a t i r o n i s not s t a b l e 

under r e a c t i o n c o n d i t i o n s , i t i s converted i n t o i r o n c a r b i d e s . The r e l a t i o n 

between the c a r b u r i z a t i o n proces of i r o n and i t s a c t i v i t y f o r the F i s c h e r -

Tropsch s y n t h e s i s has been a matter of much c o n t r o v e r s y ever s i n c e F i s c h e r 

and Tropsch p o s t u l a t e d t h a t i r o n c a r b i d e s are i n t e r m e d i a t e s i n the s y n t h e s i s 

The r e l a t i o n between c a r b u r i z a t i o n and c a t a l y t i c a c t i v i t y w i l l be the 

s u b j e c t of the cha p t e r s 3, 5 and 6 of t h i s t h e s i s . 
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2 THEORY OF MOSSBAUER SPECTROSCOPY 

I n t r o d u c t i o n . 

The Mossbauer e f f e c t can i n s h o r t be d e s c r i b e d as the r e c o i l l e s s emis

s i o n and resonant a b s o r p t i o n of gamma ra y s o r i g i n a t i n g from the decay of 

n u c l e a r e x c i t e d s t a t e s . The e f f e c t has been named a f t e r i t s d i s c o v e r e r , 
191 

Rudolf L. Mossbauer, who demonstrated the e f f e c t w i t h the n u c l i d e I r i n 

1957'. He has been awarded the Nobel P r i c e f o r P h y s i c s i n 1961. 

Since i t s d i s c o v e r y , Mossbauer Spectroscopy, or Nu c l e a r Gamma Resonance 

spectroscopy as i t i s sometimes a l s o c a l l e d , has r a p i d l y developed to become 

a standard t o o l f o r the i n v e s t i g a t i o n of s o l i d s . A p p l i c a t i o n s are wide

spread and range from the f i e l d s of arche o l o g y and f i n e a r t s to geology, 

p h y s i c s , c h e m i s t r y , m e t a l l u r g y and b i o l o g y . 

Mossbauer s p e c t r o s c o p y owes i t s success to a l a r g e e x t e n t t o the f a c t 

t h a t gamma ra y s i n v o l v e d i n n u c l e a r t r a n s i t i o n s are quanta of an u n p a r a l l e l 

ed narrow range i n energy. I t i s t h i s s p e c t r a l p r e c i s i o n t h a t enables the 

d e t e c t i o n of the minute changes i n the n u c l e a r energy l e v e l s , such as r e 

s u l t i n g from a change i n ch e m i c a l s t a t e or i n magnetic and e l e c t r i c s u r r o u n 

d i n g s of the atom to which the nucleus under i n v e s t i g a t i o n belongs. 

In t h i s chapter we w i l l g i v e a s h o r t treatment of the Mossbauer e f f e c t 

i n i r o n and we w i l l l i m i t o u r s e l v e s to those a s p e c t s t h a t are r e l e v a n t to 

the r e s t of t h i s t h e s i s . For a more complete treatment of the theory we 
. 2 3 4 r e f e r to the books of Wertheim , of Wegener and of Greenwood and Gibb . An 

e x c e l l e n t r e v i e w of the a p p l i c a t i o n of Mossbauer spectroscopy to c a t a l y s i s 

has been p u b l i s h e d by Dumesic and Tops^e^. 

Mossbauer e f f e c t i n i r o n . 

Mossbauer spectroscopy can e a s i l y be a p p l i e d to i r o n by means of the 

14.4 keV t r a n s t i o n i n the nu c l e u s of the i s o t o p e "^Fe, which occurs 

n a t u r a l l y i n i r o n f o r about 2%. "^Co i s used as a source, i t decays a c c o r d i n g 

to the scheme i n f i g u r e 1. With r e g a r d to the h y p e r f i n e i n t e r a c t i o n s which 

c o n t a i n the i n f o r m a t i o n concerning the ch e m i c a l and magnetic s t a t e of the 
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electron capture 
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9 % 9 1 % 
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14.4 keV 

F i g . 1 The decay of Co to Fe. The e n c i r c l e d n a r t 

i s the commonly used Mossbauer t r a n s i t i o n i n 57 Fe. 

atom i n a way t h a t w i l l be d i s c u s s e d l a t e r , i t i s important to note t h a t 

the s p i n s of the "^Fe nucleus i n the ground and the e x c i t e d s t a t e s are ^ 
3 

and •--» which means t h a t the degeneracies of these l e v e l s are two- and f o u r 

f o l d , r e s p e c t i v e l y . 

When a l a r g e number of e m i s s i o n events i s c o n s i d e r e d , the energy d i s t r i 

b u t i o n of the e m i t t e d r a d i a t i o n 1(E) has a L o r e n t z i a n shape, and 1(E) i s 

p r o p o r t i o n a l to 

So 1(E) has a maximum at E=E and a f u l l w i d t h a t h a l f maximum T , the 
o n' 

n a t u r a l l i n e w i d t h . The l a t t e r i s r e l a t e d to the l i f e t i m e T of the e x c i t e d 

l e v e l by means of Heisenberg's energy-time u n c e r t a i n t y r e l a t i o n and f o r the 
57 -9 14.4 keV e x c i t e d s t a t e i n Fe i t f o l l o w s t h a t T = 4.6 * 10 eV. n 

The v e r y h i g h r e s o l u t i n g power of Mossbauer spectroscopy i s r e a d i l y 

apparent when we r e a l i s e t h a t the narrow l i n e w i d t h and the gamma energy 
-12 E r e s u l t i n an energy r e s o l u t i o n i n the order of 10 ! T h i s means t h a t o a J 

i t i s p o s s i b l e and indeed u s e f u l to modulate the energy of the em i t t e d 

(1) 

n 
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14.4 keV gamma r a y s by u s i n g the Doppler e f f e c t and g i v i n g the source a 
-12 

Doppler v e l o c i t y of about 10 times the v e l o c i t y of l i g h t , which i s i n 

the o r d e r of mm s '. A M'ossbauer spectrum i s simply a p l o t of the gamma r a y 

i n t e n s i t y t r a n s m i t t e d by the resonant absorber as a f u n c t i o n of the Doppler 

v e l o c i t y v of the source, which i s r e l a t e d to the energy as 

E(v) = E (1 + - ) (2) o c 

Due to h y p e r f i n e i n t e r a c t i o n s the energy d i f f e r e n c e E ^ between the 

ground s t a t e and the e x c i t e d s t a t e of n u c l e i i n the absorber may be 

s l i g h t l y d i f f e r e n t from E q . The a b s o r p t i o n spectrum can be d e s c r i b e d 

by the energy dependence of the c r o s s s e c t i o n f o r resonant a b s o r p t i o n : 

a(E) - <3> 
2 r 2 

( E - E ) + ( i - r 
o 2 

which w i t h (2) can be expressed as a f u n c t i o n of Doppler v e l o c i t y v as 

/ r ,2 
a o ( 2 ) 

a(v) = g f — 2 ( 4 ) 

( E - E ' + — E ) + ( 4 - ) o o c o 2 

I n (3) and (4) T i s the l i n e w i d t h of the a b s o r p t i o n peak and a the 

c r o s s s e c t i o n f o r resonant a b s o r p t i o n . I n order to observe a l l h y p e r f i n e 

i n t e r a c t i o n s i n ~^Fe t h a t are of i n t e r e s t i n t h i s t h e s i s , we need Doppler 

v e l o c i t i e s i n the range of -10 to + 10 mm s 

source obtorbtr detector F i g . 2 Schem a t i c a l p i c t u r e 

of a Mossbauer spectrometer 

and a spectrum. 

DoDOler velocity 

14 



A s c h e m a t i c a l p i c t u r e of a Mossbauer experiment i n the t r a n s m i s s i o n 

mode i s g i v e n i n f i g u r e 2. Eefore d i s c u s s i n g the chemical and magnetic 

i n f o r m a t i o n t h a t can be d e r i v e d from a Mossbauer spectrum we w i l l c o n s i d e r 

the c o n d i t i o n s under which the Mossbauer e f f e c t can be observed. 

R e c o i l f r e e e m i s s i o n and a b s o r p t i o n 

When a f r e e ~^Fe nucleus decays from the e x c i t e d s t a t e to the 

ground s t a t e , the energy d i f f e r e n c e E q between these s t a t e s i s r e l e a s e d 

and i t w i l l be shared by the em i t t e d gamma r a y and the r e c o i l of the 

nuc l e u s . The r e c o i l energy can be c a l c u l a t e d from the c o n s e r v a t i o n 
2 laws f o r energy and momentum: E - E /2Mc , i n which M i s the mass of R o 

57 -3 the n u c l e u s . For Fe E = 2 * 10 eV. When the e m i t t e d gamma quant, R 

w i t h energy E = E - E„, encounters a f r e e "^Fe nucleus which i s i n 

the ground s t a t e , resonant a b s o r p t i o n cannot take p l a c e as exchange of 

r e c o i l energy occurs and becauseE i s much l a r g e r than the l i n e w i d t h s 

of both the e m i s s i o n and the a b s o r p t i o n peak. I n s t e a d the gamma quant 

should have an energy equal t o + E^ i n order to be r e s o n a n t l y absorbed. 

T h i s demonstrates t h a t the Mossbauer e f f e c t cannot be observed i n f r e e 

atoms, l i k e i n a gas or a l i q u i d . 

However, i n the s o l i d s t a t e , where the atoms of the source and the 

absorber are each bound i n a l a t t i c e , the r e c o i l energy w i l l be shared 

by the l a t t i c e as a whole. I t depends on the c h a r a c t e r i s t i c energy ftu 

of the l a t t i c e v i b r a t i o n s , the phonons, whether or not the Mossbauer 

e f f e c t can be observed. I n case E > -no), the r e c o i l energy of each 
R — 

e m i s s i o n or a b s o r p t i o n event w i l l be d i s s i p a t e d by the l a t t i c e and the 

Mossbauer experiment f a i l s . I f on the other hand E < -fiu a t o t a l l y 
K 

d i f f e r e n t s i t u a t i o n a r i s e s . A c c o r d i n g to the Correspondence P r i n c i p l e 

of Quantum Mechanics - e x p e c t a t i o n v a l u e s f o l l o w the laws of C l a s s i c a l 

Mechanics - the average r e c o i l energy per e m i s s i o n or a b s o r p t i o n event, 
when c a l c u l a t e d over a l a r g e number of such e v e n t s , must be equ a l to E . 

R 
Since E < fiw, a c e r t a i n f r a c t i o n of e m i s s i o n and a b s o r p t i o n events R 
takes p l a c e w i t h o u t exchange of r e c o i l energy. T h i s f r a c t i o n i s c a l l e d 
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the r e c o i l l e s s f r a c t i o n and w i l l be denoted by f . 

In a r i g o r o u s quantum mechanical c a l c u l a t i o n i t can be shown t h a t 

2 2 
f = expC-k^ < x > ) (5) 

2 
i n which k r e p r e s e n t s the magnitude of the gamma wave v e c t o r and < x > 

the mean squared displacement of the atoms i n the l a t t i c e , caused by the 

l a t t i c e v i b r a t i o n s . From (5) one can e a s i l y see t h a t the r e c o i l l e s s 
f r a c t i o n w i l l be low i n the case of s o f t v i b r a t i o n a l modes, i n which 

2 . . . . < x > w i l l be r e l a t i v e l y l a r g e , w h i l e i n case of an i n f i n i t e l y r i g i d 
2 

l a t t i c e f approaches u n i t y . The displacement < x > can be c a l c u l a t e d 

when a model f o r the l a t t i c e v i b r a t i o n s i s adopted. 

In g e n e r a l the Debye model i s q u i t e a p p r o p r i a t e . A c c o r d i n g to t h i s 

model f i s g i v e n as a f u n c t i o n of temperature T and of a parameter 9 , 

the Debye temperature,by 
9D/T 

(6) f f 3 R r, , / T x dx . 
f = e x p " 2 F T " ( 1 4 — 2 -

L 1 Y i l 9„ > e X - 1 D o 

i n which k i s Boltzmann's c o n s t a n t . The Debye temperature 9 n c h a r a c t e r i z e s 
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the l a t t i c e v i b r a t i o n s , i s h i g h f o r a r i g i d l a t t i c e and low f o r a l a t t i c e 

e x h i b i t i n g s o f t v i b r a t i o n a l modes. As e q u a t i o n (6) i n d i c a t e s , f i n c r e a s e s 

w i t h d e c r e a s i n g temperature and w i t h i n c r e a s i n g Debye temperature, even at 

T = 0 ( f i g u r e 3 ) . 

H y p e r f i n e i n t e r a c t i o n s 

Although Mossbauer spectroscopy makes use of t r a n s i t i o n s between energy 

s t a t e s of the nucleus, one o b t a i n s n e v e r t h e l e s s i n f o r m a t i o n about the atom 

and i t s surroundings owing to the e x i s t e n c e of h y p e r f i n e i n t e r a c t i o n s . 

F i r s t , the p o s i t i o n s of the n u c l e a r l e v e l s and hence the energy at which 

a b s o r p t i o n takes p l a c e , depend s l i g h t l y upon the chemical s t a t e of the 

atom to which the nucleus belongs. Secondly, the degeneracy of the l e v e l s 

can p a r t i a l l y or c o m p l e t e l y be removed by the i n f l u e n c e of the n e i g h 

b o u r i n g atoms. As a consequence the l e v e l s are s p l i t and more a b s o r p t i o n 

peaks a r i s e i n the spectrum. 

I n t h i s s e c t i o n we w i l l b r i e f l y d i s c u s s the h y p e r f i n e i n t e r a c t i o n s 

i n "^Fe and the Mossbauer parameters which c h a r a c t e r i z e them. I n g e n e r a l 

these parameters enable the i d e n t i f i c a t i o n of the i r o n compounds i n the 

absorber. 

a) The isomer s h i f t (I.S.) i s a measure f o r the e l e c t r o n d e n s i t y a t 

the nucleus of an atom i n the absorber r e l a t i v e to t h a t a t the atomic 

nucleus of the source. U s u a l l y the isomer s h i f t of the absorber under 

study i s expressed i n terms of t h a t of a r e f e r e n c e compound. The e x i s t e n c e 

of an isomer s h i f t i s the consequence of the Coulomb i n t e r a c t i o n between 

the p o s i t i v e l y charged nucleus and n e g a t i v e l y charged s - e l e c t r o n s , t h e 

wave f u n c t i o n s of which o v e r l a p w i t h the n u c l e u s . S i n c e the n u c l e a r s i z e 

i n the e x c i t e d s t a t e d i f f e r s from t h a t i n the ground s t a t e , the Coulomb 

i n t e r a c t i o n e n e r g i e s i n both s t a t e s are not i d e n t i c a l . The isomer s h i f t 

can be expressed by 

I.S. = ~ Z e 2 ( | ^ a ( o ) | 2 - | * r ( o ) | 2 ) ( R 2 - R 2 ) (7) 
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i n which Z i s the atomic number of the Mossbauer atom, e the e l e c t r o n 

charge, ip(o) t n e w a v e f u n c t i o n of the s e l e c t r o n s a t the n u c l e u s , the 

s u b s c r i p t s a and r r e f e r to absorber and r e f e r e n c e compound r e s p e c t i v e l y , 

R and R are the e f f e c t i v e r a d i i of the nucleus i n the e x c i t e d s t a t e and 
e g 

the ground s t a t e , r e s p e c t i v e l y . 

The c o n t r i b u t i o n of the 4 s e l e c t r o n s to the s - e l e c t r o n d e n s i t y 

|i(i a(o) I w i l l be determined by the chemical s t a t e of the Fe atom, and 

s i n c e i n ~^Fe the q u a n t i t y (R^ - R^) i s s u f f i c i e n t l y l a r g e the I.S. 

y i e l d s u s e f u l i n f o r m a t i o n about the v a l e n c e s t a t e of the i r o n i n the 

absorber. 

I t should be noted t h a t the isomer s h i f t c o n t a i n s a c o n t r i b u t i o n 

from the thermal motion of the i n d i v i d u a l atoms i n the absorber. The 

e x p r e s s i o n (2) f o r the Doppler v e l o c i t y i s i n f a c t a s e r i e s e x pansion, 

which has been t r u n c a t e d a f t e r the f i r s t o r d e r term. T h i s i s j u s t i f i e d 
-12 v 2 

s i n c e i n (2) — i s t y p i c a l l y of the order of 10 and hence —^ v a n i s h e s , c 2 c 

An i n d i v i d u a l atom i n the a b s o r b e r , however, possesses a v e l o c i t y x due 

to l a t t i c e v i b r a t i o n s and k i s much l a r g e r than v. S i n c e the l a t t i c e v i 

b r a t i o n s are v e r y f a s t w i t h r e s p e c t to the time s c a l e a t which a b s o r p t i o n 
.2 

events take p l a c e , we have to c o n s i d e r the average v a l u e s of x and x 
. 2 

w i t h r e s p e c t to time, < x > and < x > r e s p e c t i v e l y . The former term i s 

z e r o , and the second order term which has not been i n c l u d e d i n the 

s e r i e s expansion (2) adds to the isomer s h i f t , thereby making the l a t t e r 

temperature dependent: 

<x 2> 
I.S.(T) = I.S.(o) - E ^ 5 - (8) 

° 2 c 2 

< i 2 > . 2 The term E -̂ i s c a l l e d the second order Doppler s h i f t and l i k e < x > o „ 2 2c 

i t can be expressed as a f u n c t i o n of temperature and of 9^ i n the Debye 

model. 

b) The e l e c t r i c quadrupole s p l i t t i n g . A ^Fe n u c l e u s i n i t s ground 

s t a t e possesses a s p h e r i c a l l y shaped charge d i s t r i b u t i o n and hence i t has 

no e l e c t r i c quadrupole moment. I n the 14.4 keV e x c i t e d s t a t e , on the 
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o t h e r hand, the charge d i s t r i b u t i o n i s shaped l i k e a p r o l a t e e l l i p s o i d e 

and hence the e x c i t e d "^Fe nucleus has a p o s i t i v e e l e c t r i c quadrupole 

moment. 

When an e x c i t e d nucleus e x p e r i e n c e s the presence of an e l e c t r i c 

f i e l d g r a d i e n t the nucleus r e a c t s by o r i e n t i n g i t s e l f w i t h r e s p e c t to the 

d i r e c t i o n of t h i s g r a d i e n t . Two o r i e n t a t i o n s of the nucleus or r a t h e r 

of i t s quadrupole moment are p o s s i b l e and a s p l i t t i n g of the e x c i t e d 

l e v e l i s observed, i n which the o r i g i n a l l y f o u r f o l d degeneracy i s 

p a r t i a l l y removed, as i n d i c a t e d i n f i g u r e 4. The s p l i t t i n g between 

the l e v e l s , the e l e c t r i c quadrupole s p l i t t i n g AE^, i s p r o p o r t i o n a l 

t o the magnitude of the e l e c t r i c f i e l d g r a d i e n t (EFG) at the n u c l e u s . 

The o r i g i n of the EFG i s due to charges a r i s i n g from a s y m m e t r i c a l l y 

d i s t r i b u t e d e l e c t r o n s i n i n c o m p l e t e l y f i l l e d s h e l l s o f the atom i t s e l f 

and to charges on n e i g h b o u r i n g ions i n a c r y s t a l l a t t i c e w i t h a symmetry 

lower than c u b i c . 

The r e l a t i v e i n t e n s i t i e s of the peaks i n a quadrupole s p l i t spectrum 

a d o u b l e t , depend on the angle between EFG and the d i r e c t i o n o f the 

gamma r a y s . The i n t e n s i t i e s are g i v e n i n t a b l e I. 

We note t h a t f o r a randomly o r i e n t e d p o l y c r y s t a l l i n e absorber the l i n e 
2 2 

i n t e n s i t i e s are e q u a l , s i n c e the average v a l u e s of cos y and s i n i> are 
1 2 

j and j r e s p e c t i v e l y . We f u r t h e r remark t h a t i f o n l y one angle \ji between 

EFG and the gamma ra y s o c c u r s , the peak i n t e n s i t i e s are equal f o r <|i = 

54.73°, w h i l e the l a r g e s t d i f f e r e n c e i n i n t e n s i t i e s i s observed f o r IJJ = 0 

Table I Angu l a r dependence of the peak i n t e n s i t i e s i n 
a quadrupole d o u b l e t of 5 7 F e . 

peak t r a n s i t i o n r e l a t i v e i n t e n s i t y 

1 1 1 
± 2 - ± 2 

3 2 1 + s i n \p 

2 1 3 
1 2 + ± 2 

3 3 2 

\jj : angle between EFG and gamma r a d i a t i o n 

15 



I t i s p o s s i b l e a l s o t h a t the r e c o i l l e s s f r a c t i o n has an angular 

dependence f = f (ip) t h a t shows up i n the i n t e n s i t i e s of the peaks i n 

a quadrupole d o u b l e t . I n t h i s r a t h e r e x c e p t i o n a l case the e x p r e s s i o n s 

f o r the r e l a t i v e i n t e n s i t i e s i n t a b l e I must be m u l t i p l i e d w i t h f(iJO, 

w i t h the r e s u l t t h a t the peak i n t e n s i t i e s i n a randomly o r i e n t e d p o l y -

c r y s t a l l i n e sample are no l o n g e r e q u a l . T h i s e f f e c t i s c a l l e d the 

G o l d a n s k i i - K a r y a g i n e f f e c t . We would l i k e t o emphasize t h a t whenever 

t h i s e f f e c t i s suspected to be pr e s e n t i n a p a r t i c u l a r spectrum, i t 

should be c a r e f u l l y v e r i f i e d whether the asymmetry does not a r i s e from 

some p r e f e r e n t i a l o r i e n t a t i o n i n the abs o r b e r , or from s a t u r a t i o n e f f e c t s 

which w i l l be d i s c u s s e d l a t e r i n t h i s c h a p t e r . 

c) Magnetic hyperfine s p l i t t i n g . The magnetic h y p e r f i n e s p l i t t i n g 

or n u c l e a r Zeeman s p l i t t i n g a r i s e s from the i n t e r a c t i o n between the 

n u c l e a r magnetic d i p o l e moment and the magnetic f i e l d H a t the n u c l e u s . 

T h i s i n t e r a c t i o n removes the degeneracy of the n u c l e a r l e v e l s c o m p l e t e l y , 

i n the f o l l o w i n g way. 

A n u c l e a r s t a t e w i t h s p i n I , gyromagnetic r a t i o g and magnetic 

quantum numers m̂. = - I , -1+1, .., I s p l i t s on a p p l i c a t i o n of a magnetic 

f i e l d H i n 2 I + ! e q u a l l y spaced l e v e l s , w h i l e the d i f f e r e n c e i n energy 

between two a d j a c e n t l e v e l s i s g U N H , where i s the n u c l e a r magneton. 

The ground s t a t e of ~^Fe w i t h I = 1/2 and a gyromagnetic r a t i o g° s p l i t s 

i n t o two l e v e l s w i t h a s p a c i n g of g° u^H and the e x c i t e d s t a t e , w i t h 
if 

1 = 3 / 2 and g , s p l i t s i n t o f o u r l e v e l s w i t h a s p a c i n g between two 

a d j a c e n t l e v e l s of g* P nH. On a b s o r p t i o n of a gamma r a y t r a n s i t i o n s 

between the l e v e l s are a l l o w e d when the change i n magnetic quantum number 

i s 0 or + 1, which means t h a t t h e r e are s i x t r a n s i t i o n s , as i s i l l u s t r a t e d 

i n f i g u r e 4 w i t h the spectrum of m e t a l l i c i r o n , a-Fe. A Mossbauer spectrum 

c o n s i s t i n g of s i x peaks i s o f t e n c a l l e d a s e x t u p l e t . 

When i n a d d i t i o n to a magnetic f i e l d an e l e c t r i c f i e l d g r a d i e n t 

i s a l s o p r e s e n t , the f o u r l e v e l s of the e x c i t e d s t a t e o b t a i n an e x t r a 

s h i f t i n energy, due to the i n t e r a c t i o n of the n u c l e a r quadrupole 

moment w i t h the EFG. We w i l l c o n f i n e o u r s e l v e s here to the case i n 
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Stainless Steel 

Sodium Nitroprusside 

\ f \ r 

a-Fe 

6 

IS.=( E |»E 2_E f)§ 

AE q=(E 2-E,)| n 

I.S =(£,•£,. Er)S 

( 3 g - + g ° ) 

a - F e 2 0 3 

•-'4 
••'4 

- 5 O +5 + 0 
Doppler Veloci ty ( m m / s e c ) 

u - E s - E , 4 

€'=((E s-E 5)-(E g-E^ o 

? i g . 4 Examnles of Mossbauer s n e c t r a , c o r r e s p o n d i n g t r a n s i t i o n s and 

e x n r e s s i o n s f o r the Mossbauer narameters f o r the d i f f e r e n t h y p e r f i n e 

i n t e r a c t i o n s i n the i s o t o n e '"Be, 

which the quadrupole i n t e r a c t i o n can be c o n s i d e r e d as a s m a l l p e r t u r 

b a t i o n on the magnetic h y p e r f i n e i n t e r a c t i o n and i n which the EFG i s 

a x i a l l y symmetric. Under these c o n d i t i o n s the two l e v e l s c h a r a c t e r i z e d 
3 . • 1 by m̂ . = + • j are s h i f t e d w i t h an energy + £ and the l e v e l s w i t h = + 

w i t h an energy - e', as i n d i c a t e d i n f i g u r e 4 f o r the case of a-Fe^O^ 

(note t h a t a-Fe20^ a t room temperature has a n e g a t i v e v a l u e of e': 

-0.10 mm/s). L i k e AE^, the quadrupole s h i f t E ' i s p r o p o r t i o n a l to the 
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Table I I Angular dependence of the peak i n t e n s i t i e s i n a m a g n e t i c a l l y 

s p l i t Mossbauer spectrum of "*^Fe 

peak t r a n s i t i o n r e l a t i v e i n t e n s i t y 

2 
3 
2 9 2 

I (1 + cos 9) 
6 2 

2 2 2 3 s i n 2 6 
5 

3 2 
Y (1 + cos 29) 

4 2 

9: angle between magnetic f i e l d and gamma r a y s . 

magnitude of the EFG, but e' depends a l s o upon the angle <J> between the 

EFG and the magnetic f i e l d . Under the c o n d i t i o n s f o r m u l a t e d above e' and 

AE are r e l a t e d by : 

The r e l a t i v e i n t e n s i t i e s of the s i x peaks i n m a g n e t i c a l l y s p l i t 

Mossbauer s p e c t r a depend on the angle 0 between the d i r e c t i o n of the 

magnetic f i e l d and the gamma r a y s . They are g i v e n i n t a b l e I I . We note 

t h a t f o r a randomly o r i e n t e d absorber the i n t e n s i t i e s o f the s i x peaks 

i n the spectrum have a r a t i o of 3 : 2 : 1 : 1 : 2 : 3, whereas a t any 

p a r t i c u l a r v a l u e of 9 the r e l a t i v e i n t e n s i t i e s are 3 : x : 1 : 1 : x : 3 , 

w i t h 0 < x < 4. D e v i a t i o n s from t h i s r a t i o can be caused by s a t u r a t i o n 

e f f e c t s which w i l l be d i s c u s s e d i n the next s e c t i o n . 

T o t a l resonant a b s o r p t i o n and s a t u r a t i o n e f f e c t s 

I n f o r m a t i o n about the r e c o i l l e s s f r a c t i o n f and the Debye temperature 

of an absorber can be o b t a i n e d from the t o t a l resonant a b s o r p t i o n A, which 

i s s i m p l y the t o t a l a b s o r p t i o n a r e a of the Mossbauer spectrum. For t h i n 

3cos2<j>-l 
2 (9) 
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absorbers w i t h r e l a t i v e l y few ^ F e atoms, A i s p r o p o r t i o n a l to n, the 

number of ~^Fe atoms i n the absorber and to f . T h i s l i n e a r r e l a t i o n s h i p 

d i s p p e a r s when n i n c r e a s e s s i n c e s a t u r a t i o n e f f e c t s come i n t o p l a y . To 

which e x t e n t the t o t a l resonant a b s o r p t i o n i s s a t u r a t e d depends f i r s t o f 

a l l on n and f , but a l s o on the l i n e w i d t h of the a b s o r p t i o n peaks and on 

the n a t u r e of the spectrum: s a t u r a t i o n w i l l be s t r o n g e r i n a do u b l e t than 

i n a s e x t u p l e t , s i n c e i n the l a t t e r the t o t a l resonant a b s o r p t i o n i s d i s 

t r i b u t e d among s i x peaks i n s t e a d of two peaks i n the former. 

In o r d e r to account f o r the presence of s a t u r a t i o n e f f e c t s one 

u s u a l l y d e f i n e s an e f f e c t i v e absorber t h i c k n e s s t f o r each of the N peaks, 

l a b e l e d i i n the spectrum: 

t 1 = b 1 a n f i = 1,.., N (10) 

The c o e f f i c i e n t s b 1 d e f i n e the r e l a t i v e i n t e n s i t y of the i * " * 1 peak i n a 
N 

Mossbauer spectrum of N peaks such t h a t £ b = 1. So f o r a s e x t u p l e t 
i = l , 6 

b e l o n g i n g to a randomply o r i e n t e d absorber N = 6 and b = b =1/4, 

b 2 = b^ = 1/6 and = = 1/12, w h i l e i n a s p e c t r a l d o u b l e t , b e l o n g i n g 

to a randomly o r i e n t e d absorber i n which a G o l d a n s k i - K a r y a g i n e f f e c t i s 

absent, N = 2 and b' = b 2 = In case t 1 5 1 the t o t a l resonant a b s o r p t i o n 

can be approximated by: 

i = l a s 

i n which f i s the r e c o i l l e s s f r a c t i o n of the source, T the l i n e w i d t h of s ' a 
the peaks i n the spectrum of the absorber i n the l i m i t f o r t 1 •+ 0 and T 

s 
the l i n e w i d t h of the source's e m i s s i o n spectrum. 

A l s o the l i n e w i d t h of the a b s o r p t i o n peaks i s i n f l u e n c e d by s a t u r a t i o n 

e f f e c t s . When the observed l i n e w i d t h of the i * 1 ^ 1 peak i s w r i t t e n as F + AT 1 

r a 

and we c o n s i d e r the case t 1 < 1 than A r 1 can be expressed as a f u n c t i o n of 

t 1 as f o l l o w s : 
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Ar 1 = I r t 1 

4 n 
(12) 

S a t u r a t i o n e f f e c t s can e a s i l y be r e c o g n i z e d i n m a g n e t i c a l l y s p l i t 

Mossbauer s p e c t r a : f i r s t the i n t e n s i t y r a t i o of the f i r s t and t h i r d 

peaks i s s m a l l e r than 3 as can be d e r i v e d from (10) and ( 1 1 ) , and secondly 

the l i n e w i d t h s of the a b s o r p t i o n peaks i n c r e a s e i n going from the 

i n n e r peaks to the o u t e r peaks, as e x p r e s s i o n (12) i n d i c a t e s . 

I t i s q u i t e remarkable t h a t the s u b j e c t of s a t u r a t i o n i s more 

or l e s s i g n o r e d i n some of the standard textbooks on Mossbauer 

s p e c t r o s c o p y , i n s p i t e of the f a c t t h a t the e f f e c t s can be c o n s i d e r a b l e . 

For a thorough treatment of s a t u r a t i o n e f f e c t s we r e f e r to an e x c e l l e n t 

paper by M^rup and Both^. 

Mossbauer s p e c t r a of v e r y s m a l l p a r t i c l e s 

A r e l a t i v e l y l a r g e f r a c t i o n of the atoms of an e f f e c t i v e c a t a l y s t 

i s a t the s u r f a c e and hence c a t a l y s t s are o f t e n p r e s e n t as p a r t i c l e s 

w i t h l i n e a r dimensions between 1 and 100 nm. P a r t i c l e s of such s m a l l s i z e 

e x h i b i t f e a t u r e s which are absent i n the Mossbauer s p e c t r a of b u l k m a t e r i 

a l s . 

The occurrence of superparamagnetism i s one of the best-known p r o p e r t i e s 

of v e r y s m a l l p a r t i c l e s . In Mossbauer s p e c t r a i t i s the c o l l a p s e of a mag

n e t i c a l l y s p l i t spectrum i n t o an a p p a r e n t l y paramagnetic d o u b l e t or s i n g l e t 

a t a temperature w e l l below the C u r i e or Neel p o i n t of the c o r r e s p o n d i n g 

b u l k m a t e r i a l , due to f a s t r e l a x a t i o n of the m a g n e t i z a t i o n v e c t o r as a 

whole. 

At temperatures below the superparamagnetic t r a n s i t i o n temperature 
8 9 

the h y p e r f i n e s p l i t t i n g H i s g e n e r a l l y lower than i n b u l k m a t e r i a l s ' . 

T h i s r e d u c t i o n i n H i n c r e a s e s w i t h d e c r e a s i n g p a r t i c l e dimensions and i n 

c r e a s i n g temperature. As a d i s t r i b u t i o n i n p a r t i c l e s i z e i s p r a c t i c a l l y 

always pr e s e n t i n samples of v e r y s m a l l p a r t i c l e s , the Mossbauer spectrum 

of such a sample i s o f t e n a s u p e r p o s i t i o n of m a g n e t i c a l l y s p l i t s p e c t r a 

which d i f f e r i n the v a l u e of H. 
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A t h i r d d i f f e r e n c e between v e r y s m a l l p a r t i c l e s and b u l k m a t e r i a l s 

can be found i n the r e c o i l l e s s f r a c t i o n f* « I n b u l k m a t e r i a l s f i s 

determined s o l e l y by the l a t t i c e v i b r a t i o n s , as d e s c r i b e d e a r l i e r i n t h i s 

c h a p t e r . I n v e r y s m a l l p a r t i c l e s however, f c o n t a i n s an a d d i t i o n a l con

t r i b u t i o n from the thermal motion of the p a r t i c l e i t s e l f , a s o l i d s t a t e 

l i k e Brownian motion, and the r e c o i l l e s s f r a c t i o n can be w r i t t e n as: 

In t h i s e x p r e s s i o n f ^ i s the r e c o i l l e s s f r a c t i o n due to p a r t i c l e motion 

and f ^ r e p r e s e n t s the l a t t i c e c o n t r i b u t i o n which can be expressed as (6) 

i n the Debye model. I n p r i n c i p l e , the e f f e c t of p a r t i c l e motion can be 

d i s t i n g u i s h e d from the o t h e r e f f e c t s by d e t e r m i n i n g the Debye temperatures 

from the temperature dependence of both the t o t a l resonant a b s o r p t i o n and 

the isomer s h i f t . In the absence of p a r t i c l e m o t i o n , f = 1, both v a l u e s 

of 9p s hould be e q u a l . When however the p a r t i c l e s are i n m o t i o n , f i s 

s m a l l e r than 1 and as a consequence the v a l u e f o r 9^ f o l l o w i n g from the 

temperature dependence of the t o t a l resonant a b s o r p t i o n i s too s m a l l , 

whereas the temperature dependence of the isomer s h i f t s t i l l y i e l d s the 

c o r r e c t Debye temperature. 

A n a l y s i s of the Mossbauer s p e c t r a 

I n the course of our i n v e s t i g a t i o n we have used v a r i o u s computer 

programs t o a n a l y s e the Mossbauer s p e c t r a , some of which a l r e a d y e x i s t e d 

and o t h e r s which had to be developed. I n f a c t the aim of the c a l c u l a t i o n s 

i s to c o n v e r t a spectrum, c o n s i s t i n g of 400 i n t e n s i t i e s a t 400 v e l o c i t i e s 

i n t o a few parameters which c h a r a c t e r i z e the spectrum w i t h r e s p e c t t o the 

h y p e r f i n e i n t e r a c t i o n s , the l a t t i c e v i b r a t i o n s and the c o m p o s i t i o n of the 

i r o n compounds. 

In t h i s s e c t i o n we w i l l g i v e a s h o r t o u t l i n e of the mathematics 

u n d e r l y i n g these c a l c u l a t i o n s . Computer programs, however, w i l l not 

be d i s c u s s e d . For s i m p l i c i t y we w i l l e x clude r e l a x a t i o n phenomena, s i n c e 
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they p l a y no r o l e i n our i n v e s t i g a t i o n s . Furthermore, w i t h r e g a r d to 

s p e c t r a t h a t are m a g n e t i c a l l y s p l i t we w i l l c o n f i n e o u r s e l v e s to the 

cases i n which ( i ) the e l e c t r i c quadrupole i n t e r a c t i o n can be c o n s i d e r e d 

as a s m a l l p e r t u r b a t i o n on the magnetic i n t e r a c t i o n , ( i i ) the EFG i s 

a x i a l l y s y m m e t r i c , ( i i i ) h i g h e r o r d e r quadrupole i n t e r a c t i o n s are absent 

and ( i v ) the absorber i s s u f f i c i e n t l y t h i n so t h a t l i n e broadening due to 

s a t u r a t i o n e f f e c t s i s absent. 

We f u r t h e r remark t h a t r e a d e r s who are l e s s i n t e r e s t e d i n mathematical 

d e t a i l s can s k i p t h i s s e c t i o n w i t h o u t any consequences f o r a good under

s t a n d i n g of the c a t a l y t i c a s p e c t s t r e a t e d i n the f o l l o w i n g c h a p t e r s . 

M a t h e m a t i c a l d e s c r i p t i o n of a Mossbauer spectrum 

Suppose S m, v = 1,...,400 r e p r e s e n t s an e x p e r i m e n t a l Mossbauer spectrum, 

measured i n 400 e q u i d i s t a n t v e l o c i t y channels i n t r a n s m i s s i o n mode, w h i l e 

Y™, v=l,...,400 r e p r e s e n t s the bl a n k spectrum, the spectrum measured when 

no absorber i s pre s e n t and such t h a t Y m and S m c o i n c i d e f o r v e l o c i t i e s a t 
v v 

which no resonant a b s o r p t i o n o c c u r s . S i n c e the d i s t a n c e between source and 

absorber i s not c o n s t a n t , but a f u n c t i o n of the source v e l o c i t y , Y m v a r i e s 
3 v 

w i t h v. When a spectrometer of the constant a c c e l e r a t i o n type i s used Y™ 

has a p p r o x i m a t e l y the shape of a p a r a b o l a . 

Assuming t h a t both S m and Y m have been measured, we d e f i n e the n o r -v v 
m a l i z e d a b s o r p t i o n spectrum 

s m = 1 - S m/Y m . v = 1,..., 400 (14) 
V V V 

With t h i s d e f i n i t i o n we can express the t o t a l resonant a b s o r p t i o n A as 

400 
A = S s™ (15) i v v=l 

The e x p e r i m e n t a l spectrum s™, v = l , . . . , 400 w i l l d i f f e r from the 

" t r u e " Mossbauer spectrum s , s i n c e the former c o n t a i n s s t a t i s t i c a l 
v 
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f l u c t u a t i o n s e which are t y p i c a l l y of the o r d e r of magnitude 

( ( S V + ( Y m ) ~ ' ) 5 ( 1 - s m ) 
V V V 

The r e l a t i o n between s and s i s g i v e n by 

s = s + £ , v = l , . . . , 400 (16) 
V V V 

The r a t i o l e ^ l / s ^ depends on the l e n g t h of time d u r i n g which the s p e c t r a 

and Y m have been re c o r d e d and i t approaches zero when the r e c o r d i n g 

time becomes i n f i n i t e l y l o n g . 

Now suppose t h a t s r e p r e s e n t s e i t h e r a s i n g l e t , a d o u b l e t or a 

s e x t u p l e t . Any of the s p e c t r a encountered i n t h i s t h e s i s can be c o n s i d e r e d 

to c o n s i s t of a combination of these t h r e e k i n d s of elementary s p e c t r a . 

We w i l l l a b e l the peaks i n e i t h e r of these elementary s p e c t r a by means of 

an index i = 1, .., N, i n which N i s the number of peaks i n each elementary 

spectrum, hence N = 1,2 or 6. The r e l a t i v e i n t e n s i t y of the i * " * 1 peak w i l l 

be denoted w i t h I . and we w i l l d e f i n e I j = I; I n case of v e r y t h i n and 

randomly o r i e n t e d absorbers the r e l a t i v e i n t e n s i t i e s 1^ w i l l be p r o p o r t i o n a l 

to the parameters b 1 i n t r o d u c e d e a r l i e r . Now we can d e f i n e the resonant 

a b s o r p t i o n of the i ' peak i n the spectrum as 

A . = ^ A (.7) 

I I . 
i - 1 J 

The Mossbauer spectrum s^ i s e n t i r e l y determined by the Mossbauer 

parameters, which form t o g e t h e r a v e c t o r x. The number of components i n 

x depends upon the n a t u r e of the spectrum. The Mossbauer parameters f a l l 

i n t o two groups: f i r s t the parameters I.S., AEQ, e' and H, which determine 

the p o s i t i o n s of the peaks w i t h r e s p e c t to the v e l o c i t y channels and 

secondly the parameters T, 1^ and A, which determine the w i d t h and the 

i n t e n s i t y of the peaks. For the purpose of c a l c u l a t i o n s we w i l l express 
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the Mossbauer parameters i n terms of v e l o c i t y c h a n n e l s , w i t h the 

e x c e p t i o n of the d i m e n s i o n l e s s i n t e n s i t i e s I . . 
1 

The N L o r e n t z i a n shaped a b s o r p t i o n peaks of s have c e n t e r s which 

correspond w i t h the v e l o c i t y channels v^, 1=1, N and we assume t h a t 

a l l peaks have the same l i n e w i d t h V. The v e l o c i t y channel c o r r e s p o n d i n g 

w i t h a zero isomer s h i f t w i l l be denoted by v'. 
' o 

U s i n g these assumptions and d e f i n i t i o n s we a r r i v e at the f o l l o w i n g 

e x p r e s s i o n f o r an elementary Mossbauer spectrum: 

A N V t r ) 2 

\ W = 1 T» 1 Hi f — 2 ( 1 8 ) 

j IT r z i . i = i ( v - v . ) z + ( i r) 
j = i J 1 

which i s e q u i v a l e n t to 

S
V W = " — j j 2 L ( I . , T, v.) (19) 

1 it r s i . i = 1 

2 i - i J 

where L r e p r e s e n t s the L o r e n t z i a n shaped peak. E x p r e s s i o n (18), or ( 1 9 ) , 

does not d e f i n e the spectrum c o m p l e t e l y and we w i l l d e r i v e a d d i t i o n a l 

e x p r e s s i o n s which r e l a t e the peak p o s i t i o n s v . t o the p o s i t i o n a l Moss

bauer parameters. 

3=1, a s i n g l e t 

The Mossbauer spectrum c o n s i s t i n g of a s i n g l e l i n e can be d e s c r i b e d 

by the f o l l o w i n g s e t of Mossbauer parameters: x = ( I . S . , T, A ) . The 

p o s i t i o n V j of the peak i s s i m p l y g i v e n by 

Vj = v^ + I.S. (20) 

and the spectrum i s e n t i r e l y determined by (18) and ( 2 0 ) . 

N = 2j a doublet 

To d e s c r i b e a d o u b l e t we need the f o l l o w i n g parameters 
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x = ( I . S . , A EQ> I", I 2 , A ) i n which I ̂  = 1 by c o n v e n t i o n . The peak p o s i 

t i o n s V j and V £ are g i v e n by 

v. = v' + I.S. + (-1) 1 \ AE i = 1,2 (21) 
1 0 I Q 

Hence a M'ossbauer d o u b l e t i s m a t h e m a t i c a l l y d e s c r i b e d by e x p r e s s i o n s 

(18) and (21). 

N - 6, a sextuplet 

We w i l l c o n s i d e r the case i n which the s i x peaks are s h i f t e d by 

means of a s m a l l quadrupole i n t e r a c t i o n , as i n f i g u r e 4^. Here the s e t 

of Mossbauer parameters i s x = ( I . S . , e ' , H, I ^ , 1«, A) i n which we 

assume t h a t I = I , = 1, I . = I . and I , = I . . Before d e r i v i n g e x p r e s s i o n s 
1 O / J 1 H 

f o r the peak p o s i t i o n s v^, i = 1,...,6 we note t h a t the r e l a t i v e d i s t a n c e s 

between the peaks i n a s e x t u p l e t are governed by the gyromagnetic r a t i o ' s 

of the ground s t a t e and the e x c i t e d s t a t e i n the ~^Fe n u c l e u s , as can be 

seen from the energy l e v e l schemes i n f i g u r e 4. 
I t i s convenient to d e f i n e the d i s t a n c e s between the peaks: 

A . . = v. - v. i = 0,1,...,6 l j j l (22) 

i n which v i s d e f i n e d by: 

v o = (v, + v 2 + v 5 + v 6 ) / 4 (23) 

With these d e f i n i t i o n s the f o l l o w i n g r e l a t i o n s are v a l i d : 

A , 2 • & • = A 2 3 = A 4 5 = A 5 6 - 2 £ ' 
g u + 3g 

A , , * 16 

34 o ^ , * 16 g + 3g 

(24) 

which form an important c r i t e r i u m f o r j u d g i n g the q u a l i t y of a computer 
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f i t t o an e x p e r i m e n t a l spectrum, as i t w i l l be d i s c u s s e d l a t e r . I n o r d e r 

to d e r i v e an e x p r e s s i o n f o r the peak p o s i t i o n s v^ we need the f o l l o w i n g 

r e l a t i o n s 

60 

T H - E ' 10 2 

o * 
\ = I e + g 
20 2 o , * g + 3g 

i ° * 1 g ~g 
30 2 o , * g + 3g 

H + E ' 

H + e ' 

o * 
\ = 1 e + g 
40 2 o . * g + 3g 

\ . - 1 g + g 50 2 o _,_ , * g + 3g 

H + E 

H + e ' 

H - E ' 

(25) 

I n (25) we have i m p l i c i t l y used t h a t H = A j g and £' • -g ( A ^ - A ^ ) . I n 

combining the e x p r e s s i o n s (22) through (25) the f o l l o w i n g simple expres

s i o n f o r the peak p o s i t i o n s v^ i s o b t a i n e d : 

v. = v' + I.S. - A. 
1 0 l O 

i = l , . . . (26) 

and hence a s e x t u p l e t i s determined by ( 1 8 ) , (25) and (26). 

F i t t i n g procedures 

F i t t i n g with s i n g l e Lorentzian lines 

The u s u a l way to d e r i v e Mossbauer parameters from a spectrum s™ i s 

to f i t a L o r e n t z i a n l i n e L(l!>T..v.) to each of the N' peaks i n the 
J J .1 

spectrum, such t h a t the e x p r e s s i o n 

400 . N' , 
i s m - i L ( i . , r . , v. ) 

v=I I v j - I J J J 
(27) 
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i s a minimum w i t h r e s p e c t to the 3N a d j u s t a b l e parameters 1!, T., v., f o r 
J J J 

j = l , . . . N ' . A f t e r w a r d s the peaks are d i s t r i b u t e d over the elementary 

s u b s p e c t r a and f o r each subspectrum of N peaks the e x p r e s s i o n 
N 
E L ( I . , F., v.) i s w r i t t e n a c c o r d i n g to the r i g h t hand s i d e of (18). 

i = l i l l 
Next the p o s i t i o n a l Mossbauer parameters are c a l c u l a t e d from the peak 

p o s i t i o n s v.. r l 

T h i s f i t t i n g procedure, a l t h o u g h commonly a p p l i e d , has as a g r e a t 

disadvantage t h a t i t uses 3N' a d j u s t a b l e parameters, which i s more than 

r e q u i r e d to d e s c r i b e a spectrum. For example, under the c o n d i t i o n s 

c o n s i d e r e d here a s e x t u p l e t i s determined by 6 parameters o n l y , w h i l e 

the L o r e n t z i a n f i t t i n g procedure uses 18 parameters. To ensure p h y s i c a l l y 

m e a n i n g f u l l f i t s i t must be c a r e f u l l y v e r i f i e d whether the p o s i t i o n s , 

i n t e n s i t i e s and widths of the peaks o b t a i n e d by t h i s procedure s a t i s f y 

the mathematical d e s c r i p t i o n i n the p r e c e d i n g s e c t i o n , i n p a r t i c u l a r the 

e x p r e s s i o n s i n (24). 

In o r d e r to o b t a i n an a p p r o p r i a t e f i t to measured s p e c t r a i n which 

peaks b e l o n g i n g to d i f f e r e n t elementary s u b s p e c t r a o v e r l a p each other 

c o m p l e t e l y or p a r t i a l l y , s e v e r a l runs of the f i t t i n g procedure are needed, 

i n which parameters must be c o n s t r a i n e d to v a l u e s t h a t a r e c o n s i d e r e d t o 

be p h y s i c a l l y r e a l i s t i c . As a consequence the method i s r a t h e r t i m e -

consuming, p a r t i c u l a r l y when the spectrum c o n s i s t s of s e v e r a l elementary 

s u b s p e c t r a . 

F i t t i n g with elementary spectra 

I n o r d e r t o a v o i d the disadvantages of the L o r e n t z i a n f i t t i n g method 

we developed a f i t t i n g procedure which i m p l i c i t l y guarantees p h y s i c a l l y 

r e a l i s t i c r e s u l t s . Suppose s i s the measured a b s o r p t i o n spectrum, t h a t 

has c o n t r i b u t i o n s from N elementary s p e c t r a g,^, j = l , . . . , N , v=l,..,400, 

g i v e n by e q u a t i o n (18) t o g e t h e r w i t h the a p p r o p r i a t e e x p r e s s i o n s f o r the 

peak p o s i t i o n s . Each elementary spectrum S j ^ i s e n t i r e l y c h a r a c t e r i z e d 

by the v e c t o r x"' of Mossbauer parameters: s. = s. (x" 1). 
i v TV — 

The measured spectrum s"1 i s f i t t e d w i t h a l i n e a r c o m b i n a t i o n of the 
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N s u b s p e c t r a s. i n a way such t h a t the sum of squares 

400 
Z 

v=l 
s m v 

11 
- I s. ( x J ) 

j-1 J V -

N 2 
(28) 

i s a minimum f o r the best c h o i c e of the s e t s of Mossbauer parameters 

x J , j = l , . . . , N. T h i s i s done i n a computer program, u s i n g a n o n - l i n e a r , 

i t e r a t i v e m i n i m a l i z a t i o n procedure s u p p l i e d by a computer l i b r a r y of 

s t a n d a r d s u b r o u t i n e s (we used the IMSL r o u t i n e ZXSSQ). 

The main advantage of t h i s f i t t i n g procedure i s t h a t each f i t t h a t 

i s a c c e p t a b l e i n the mathematical sense i s a u t o m a t i c a l l y a l s o a c c e p t a b l e 

from the v i e w p o i n t of p h y s i c s , s i n c e the f i t t i n g o c curs w i t h r e a l i s t i c 

Mossbauer s p e c t r a . 

D i s t r i b u t i o n s in magnetic hyperfine f i e l d s 

The broadened l i n e s of m a g n e t i c a l l y h y p e r f i n e s p l i t Mossbauer s p e c t r a 

of amorphous m a t e r i a l s or s m a l l p a r t i c l e s w i t h a d i s t r i b u t i o n i n p a r t i c l e 

s i z e , can o f t e n be a n a l y s e d i n terms of a s u p e r p o s i t i o n of s u b s p e c t r a 

which d i f f e r i n the parameters H and A, but which have the same v a l u e s 

f o r the r e m a i n i n g Mossbauer parameters I.S., e', 1^ and 1^. The f u n c t i o n 

A(H) i s by d e f i n i t i o n p r o p o r t i o n a l to the number of "^Fe atoms i n the 

absorber which experience a magnetic h y p e r f i n e f i e l d H. Hence a d i s t r i 

b u t i o n of h y p e r f i n e f i e l d s p(H) can be d e f i n e d as 

so t h a t p(H) i s n o r m a l i z e d to 1. 

The v a r i o u s methods to d e r i v e p(H) from a Mossbauer spectrum r e p o r t e d 

i n the l i t e r a t u r e have r e c e n t l y been reviewed by W i v e l and M^rup''. Here 

we w i l l b r i e f l y d e s c r i b e the procedure developed by these a u t h o r s , which 

i s i n f a c t an improved and extended v e r s i o n of the method p u b l i s h e d by 

12 
Hesse and Rubartsch • 

A(H)dH (29) 

O 
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Suppose the d i s t r i b u t i o n p(H) f a l l s e n t i r e l y w i t h i n the range between 

H . and H , chosen i n a way such t h a t p(H . ) = p(H ) • 0. I n t h i s mm max ' r min r max 
i n t e r v a l we d e f i n e N e q u i d i s t a n t d i s c r e t e v a l u e s H. by 

H. = H . + ( ¿¿1 ) (H -H . ), i = 1,..., N (30) l min N max mm 

Next we d e f i n e p̂ ^ = p f H ^ ) , A.̂  = A(H^), the v e c t o r y = ( I . S . , e ' , I 2 > I 3 ) and 

a v e c t o r x which c o n t a i n s the same parameters as i n the p r e v i o u s s e c t i o n s 

but i n a d i f f e r e n t sequence: x 1 = (I.S. , e'.I^.I^.H.,A^)=(y,H.,A^). With these 

d e f i n i t i o n s an elementary s e x t u p l e t f u l f i l l s the r e l a t i o n : 

s ( x 1 ) = p. s (y,H.,A ) (31) v — ' - i v — 1' o 

i n which the s e x t u p l e t i s g i v e n b i j ( 1 8 ) , (25) and (26). Now the measured 

spectrum s i s f i t t e d by a l i n e a r c ombination of the elementary s p e c t r a 

s ( x 1 ) . , and the f i r s t c o n d i t i o n which must be f u l f i l l e d by the parameters 

i n y and the d i s t r i b u t i o n p., i s t h a t the sum of squares 

400 p N - i -

\ L sv _ -\ p i s - ( 2 - ' H i ' A o ) J ( 3 2 ) 

= 1 1=1 - x 

i s aminimum. I n order to a v o i d p h y s i c a l l y u n r e a l i s t i c f l u c t u a t i o n s i n the 

d i s t r i b u t i o n , the l a t t e r i s r e q u i r e d to be smooth. T h i s can be a c h i e v e d by 

m i n i m i z i n g the sum of suared d i f f e r e n c e s 

,2 

N-l 2 
N - l r-

X L ( p i + r p i ) _ ( p i " p i -
1=2 

(33) 

F i n a l l y , as mentioned b e f o r e , the d i s t r i b u t i o n must s a t i s f y the c o n d i t i o n 

P, = P N = 0 (34) 

I n g e n e r a l i t i s i m p o s s i b l e to f i n d v a l u e s of p^, i = l , . . . , N which f u l 

f i l l the requirements (32) t o (34) s i m u l t a n e o u s l y , s i n c e these r e l a t i o n s 
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r e s u l t i n a s e t of 2N +2 l i n e a r e q u a t i o n i n o n l y N v a r i a b l e s p^. T h e r e f o r e 

Lagrangean m u l t i p l i e r s 3 and y are i n t r o d u c e d , which combine the e x p r e s 

s i o n s (32) to (34) i n t o one: 

400 N -i 2 N-1 
I s - £ p.s (y,H.,A ) v . , *i v i ' i o v=l L_ i = l 

• Y Z (p - 2p + p . , , ) 2 

1=2 

+ B(p, + P N) (35) 

M i n i m a l i z a t i o n of t h i s e x p r e s s i o n w i t h r e s p e c t to p i = 1,... ,N and 

y_ = (I.S. ,£' . I J , I , ) i s c a r r i e d out i n a computer program, u s i n g an i t e r a t i o n 

p r o c e s s . I n each i t e r a t i o n step a n o n - l i n e a r m i n i m a l i z a t i o n r o u t i n e generates 

the 4 components of _y, a f t e r which the N components of the d i s t r i b u t i o n p. 

f o l l o w from a l i n e a r m i n i m a l i z a t i o n procedure. The i t e r a t i o n stops when 

e x p r e s s i o n (35) reaches i t s minimum v a l u e . 

The Lagrangean m u l t i p l i e r s 3 and y must be chosen by the e x p e r i m e n t a t o r 

and they determine the weight of requirements (34) and (33) r e l a t i v e t o 

the most important requirement of a good f i t , ( 3 2 ) . T y p i c a l v a l u e s of y and 6 
-3 -1 are i n the range 10 to 10. . 

Mossbauer spectra of mixtures 

The Mossbauer spectrum o b t a i n e d w i t h an absorber t h a t c o n s i s t s of a 

m i x t u r e of d i f f e r e n t i r o n compounds can i n p r i n c i p l e be a n a l y z e d u s i n g 

both f i t t i n g methods d e s c r i b e d b e f o r e . The c o n t r i b u t i o n of each of the con

s t i t u e n t s i s g i v e n by i t s t o t a l resonant a b s o r p t i o n A . However, such procedures 

become p r o g r e s s i v e l y more d i f f i c u l t when the number of d i f f e r e n t i r o n 

compounds i n the absorber i n c r e a s e s to t h r e e or more. The d i f f i c u l t y can be 

circumvented i n case Mossbauer s p e c t r a are a v a i l a b l e of the c o n s t i t u e n t s i n 

a s i n g l e phase. Then a more d i r e c t approach can be chosen i n which l i n e a r 

combinations of measured s i n g l e phase s p e c t r a are f i t t e d to the spectrum of 

a m i x t u r e . 

Suppose S„, v = l , 4 0 0 r e p r e s e n t s the spectrum of a m i x t u r e , which 
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c o n t a i n s c o n t r i b u t i o n s of N d i f f e r e n t i r o n compounds. The s p e c t r a of these 

compounds i n a s i n g l e phase, c a l l e d the base s p e c t r a , have been measured 

and they are denoted by , i = l ,-.,N, v=l,...,400 and t h e i r t o t a l resonant 

a b s o r p t i o n s A. have been c a l c u l a t e d w i t h e q u a t i o n (15). Now the spectrum 

s™ i s f i t t e d w i t h a l i n e a r combination of the base s p e c t r a such t h a t the sum v 
of squares 

400 N 
Z (s™ - I a. b. ) (36) , v . , l l v 

V=* 1 1=1 

i s a minimum f o r the b e s t c h o i c e of the N c o e f f i c i e n t s a^. E x p r e s s i o n (36) 

becomes a minimum when i t s d e r i v a t i v e w i t h r e s p e c t to a. i s zero 
r l 

400 N 
5 — Z (s™ - Z a.b. ) = 0 j = 1,..., N (37) da. , v . , l l v j v=1 i=1 

On working (37) out i t i s e q u i v a l e n t w i t h 

N 400 400 
Z Z a . b . b. = Z b. s m j = 1,..., N (30) 

. . . 1 I V j v j v v i = l v=l J v=l J 

T h i s i s a s e t of N l i n e a r e q u a t i o n s , from which the c o e f f i c i e n t s a., i = l , . . . N 

are c a l c u l a t e d w i t h a computer program u s i n g standard r o u t i n e s from a 

computer l i b r a r y t o c a r r y out the m a t r i x a l g e b r a which i s i n v o l v e d i n 

s o l v i n g (38). The r e l a t i v e c o n t r i b u t i o n of compound i to the spectrum of the 

m i x t u r e i s g i v e n by a^A^/A. 

Th i s r a t h e r s i m p l e method can be a p p l i e d when the absorbers are s u f f i 

c i e n t l y t h i n so t h a t s a t u r a t i o n e f f e c t s are absent. We b e l i e v e t h a t a p p l i c a 

tion! of t h i s method i n the a n a l y s i s of complex s p e c t r a , f o r example those of 

c a r b i d e d i r o n c a t a l y s t s , y i e l d s r e s u l t s t h a t are much more r e l i a b l e than 

the r e s u l t s t h a t are o b t a i n e d . w i t h the f i t t i n g procedures as d e s c r i b e d i n 

the p r e c e d i n g paragraphs. However, the method r e q u i r e s knowledge of the 

Mossbauer s p e c t r a of the s i n g l e phase i r o n compounds. 
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Behavior of Metallic Iron Catalysts during Fischer-Tropsch Synthesis Studied with 
Mossbauer Spectroscopy, X-ray Diffraction, Carbon Content Determination, and 
Reaction Kinetic Measurements 

J . W. Niemantsverdriet," A . M. van der Kraan, 

Interunivgrsitair Reactor Instituut, Delft. The Netherlands 

W. L. van Dijk, and H. S. van der Baan 

Laboratory for Chemical Technology, Eindhoven University of Technology, The Netherlands (Received: March 31, 1980; 
In Final Form: July 9, 1980) 

The conversion of unpromoted, unsupported metallic iron catalysts into carbides during Fischer-Tropsch synthesis 
(CO:H2:He = 1:1:3, 1 atm) was studied with Mossbauer spectroscopy, X-ray diffraction, carbon content analysis, 
and reaction kinetic measurements. From a comparison between experiments at different temperatures and 
literature data, it is concluded that both reaction conditions and the nature of the iron catalyst determine the 
combination of carbides that will be formed. Investigation of single-phase carbides revealed that the X-ray 
diffraction pattern commonly ascribed to a pseudohexagonal carbide Fe2C actually belongs to the carbide t'-Fei2C. 
At synthesis temperatures of 513 K and lower, unknown iron-carbon species were found, referred to as Fe3C. 
It is believed that Fe,C represents poorly defined structures between a-Fe and a crystallographic carbide. The 
behavior of metallic iron catalysts during Fischer-Tropsch synthesis at 513 K was studied in more detail as 
a function of time. It was found that the rate of hydrocarbon formation was initially low, passed through a 
maximum, and decreased thereupon, while the conversion of a-Fe into carbides started at a high rate and 
decreased rapidly. These results can be understood as the consequence of either a competition between bulk 
carbidization and hydrocarbon synthesis or a relatively slow activation of a-Fe for the formation of hydrocarbons 
in which bulk carbidization plays no role. Deactivation is caused by the formation of an excessive amount of 
inactive carbon at the surface of the catalyst. 

Introduction 
The main conclusion presented in a 1974 study1 on the 

economy of the Fischer-Tropsch process was that, for this 
process to become interesting, a major improvement of the 
selectivity to more valuable products had to be reached. 
In particular in Germany the interest is focused on the 
development of catalysts for the production of low olefins. 
In their patents Kolbel 2 and Biissemeier3 described olefin 
selective catalysts containing iron metal and various oxides 
that are difficult to reduce. 

Because our aim is to make a catalyst that is highly 
selective for the production of olefins, we have chosen iron 
metal as the main component of our catalysts. 

Iron-containing catalysts are not stable during Fisch
er-Tropsch synthesis, but are converted into carbides. 
This conversion has recently been investigated by means 
of Mossbauer spectroscopy by Raupp and Delgass4 and 
Amelse et al.,5 who used iron supported on silica, by Nahon 
et al.,6 who used iron on alumina, and by Maksimov et al.,7 

who worked with a fused iron catalyst in which various 
promotors were present. Also thermomagnetic analysis8"10 

and X-ray diffraction 9 , 1 1 have been applied to study the 
formation of carbides in iron catalysts under various 
conditions of Fischer-Tropsch synthesis. More often 
comparison between those studies is difficult because not 
all investigators seem to be aware of the existence of at 
least four different iron carbides. Moreover some confu
sion exists about the X-ray diffraction spectra of hexagonal 
t'-Fe2.2C and «-Fe2C, which has a monoclinic structure 
approaching hexagonal. 

In the present investigation we have used Mossbauer 
spectroscopy together with X-ray diffraction analysis, 
carbon content determination, and reaction kinetic mea
surements to study the conversion of an unpromoted and 

unsupported metallic iron catalyst into various phases 
during the Fischer-Tropsch process. 
Experimental Section 

Catalyst Preparation. Iron(III) oxide was precipitated 
from a 0.25 kmol/m3 iron(III) nitrate solution (Fe-
(N0 3) 3-9H 20, Merck P.A.) by slowly adding ammonium 
hydroxide (12% by weight ammonia, Merck P.A., 2.8 
mL/min) to the suspension, which was heated to 363 K. 
Ammonia addition was stopped when a pH of 8 was 
reached. The precipitate was filtered off and washed with 
100 mL of distilled water. Then the catalyst was dried at 
393 K for 24 h and calcined at 673 K for 1 h. We used a 
sieve fraction of 0.2-0.6 mm in all experiments. In some 
experiments a supported catalyst was used, prepared by 
precipitating iron(III) hydroxide on a mixture of T i 0 2 and 
CaO to a final weight ratio of Fe:Ti02:CaO = 39:32:9. 
Fischer-Tropsch Reaction Process. The reactor con

sisted of a 6-mm i.d. quartz tube in an electrically heated 
oven. An Eurotherm thyristor controller and an alumel 
thermocouple regulated the temperature in the reactor 
within 2 K. The gases, hydrogen (Hoekloos, purity > 
99.9%), carbon monoxide (Matheson, c.p. > 99.5%), and 
helium (Hoekloos, > 99.995%) were purified over a re
duced copper catalyst (BASF RJ-11, BTS catalyst) at 425 
K and a molecular sieve (5A, Union Carbide) at room 
temperature. Standard reduction of the catalyst was at 
623 K in flowing hydrogen (100 cm3/min) for 16 h. Re
actions were carried out with 0.5 or 3 g of catalyst under 
differential conditions with a maximum conversion of 5%, 
at 1 atm total pressure with a 1:1:3 mixture of CO, H2, and 
He, respectively, at a total gas rate of 6 L/h. 
The reaction rate was defined as the number of micro-

moles of CO converted into Cj-C 4 hydrocarbons per gram 
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TABLE I: Mössbauer Parameters of Single-Phase Carbides at T = 295 K 

carbide Fe site 

this study lit data 
carbide Fe site IS, mm/s #eff, kOe IS, mm/s Weff, kOe ref 
e'-Fe, ,C 0.50 ± 0.03 173 t 2 0.51 ± 0.01 173 ± 1 5 
x-Fe,C, I 0.43 t 0.03 189 t 2 0.46 l 0.02 185 t 2 

II 0.51 ± 0.03 218 t 2 0.49 ± 0.02 21b i 2 12 
III 0.47 ± 0.03 110 t 5 124 ± 4 

0-Fe,C I 0.45+ 0.03 212 ± 2 0.44 ± 0.01 ± 2 12 
II 206 ± 2 

of catalyst and per hour. The product gas samples were 
analyzed by three gas chromatographs (Philips Pye)—the 
first one for the detection of C0 2, H 20, and CO, the second 
for the Ct-C3 hydrocarbons, and the last one for the hy
drocarbons from C 3 up to C8. After a certain period of 
Fischer-Tropsch reaction, the reactor was cooled down to 
room temperature under a flow of helium. Sometimes it 
was inevitable that part of the residual iron oxidized, after 
removing the catalyst from the reactor. 

Catalyst Characterization. The fresh catalysts as well 
as catalysts after various periods of Fischer-Tropsch 
synthesis were characterized by X-ray diffraction analysis, 
Mossbauer spectroscopy, and determination of the carbon 
content. X-ray diffraction patterns of the samples were 
taken on a Philips diffractometer Pw 210700 with Mn 
filtered Fe Ka radiation. Mossbauer spectra were obtained 
by using a constant-acceleration spectrometer with a 5 7Co 
in Rh source. Isomer shifts (IS) are reported relative to 
the NBS standard sodium nitroprusside (SNP or Na2-
[Fe(CN)5NO]-2H20) at room temperature, while hyperfine 
fields (Hefi) are calibrated against the 515 kOe field of 
a-Fe203, also at room temperature. The carbon content 
of a sample was determined via its weight gain with a CNH 
analyzer (F & M Corp.). 

Analyzing Procedures of the Mossbauer Spectra. 
Mossbauer spectra of single compounds were analyzed with 
a least-squares program of Lorentzian-shaped lines. In the 
final fits all peaks belonging to the same sextuplet were 
constrained to have equal width, and also the intensities 
of the first and the sixth, the second and the fifth, and the 
third and the fourth peaks were constrained to be equal. 
The distances between the peaks in the same sextuplet 
were constrained to the well-known ratios for iron. 

In the case that the investigated sample is a mixture of 
different compounds, we preferred to analyze the complex 
spectrum in a way such that the relative amounts of the 
compounds present were obtained. This was done in the 
following way. Suppose Sk (k = 1 400) represents the 
Mossbauer spectrum of the mixture, measured in 400 ve
locity channels. The spectra of the N-3 different com
pounds present in the mixture, corrected for their geo
metrical background parabolas, are represented by Bik (i 
= 1, N-3 and k = 1 400). The spectrum Sh has 
its own background parabola, which can be fitted simul
taneously by defining BN_2k = k2, BN_lk = k, and BNft = 
1 (k = 1,400). Now the problem is to find coefficients 
a, for which the combination St

calc<i = Y.i~iNaiBik is the best 
fit to the measured spectrum Sk. So the expression 

— E 
daj k=i 

St)2 is a minimum for the best choice of 

1 - Sh)2 

N 400 400 
E E BjiBikai = L SkBjk 

j = 1 N 

i=i t = i *= i 

This is a set of N linear equations, from which the set of 

N coefficients Oj can be found. The product of a, and the 
spectral area of the normalized spectrum Bik gives the 
relative spectral contribution of compound i to the mea
sured spectrum Sh. 

Results 
Catalysts before and after Reduction. The unreduced 

catalysts consisted of pure a-Fe203 as we concluded from 
their Mossbauer spectra and X-ray diffraction patterns. 
An average crystallite size of ~30 nm was estimated from 
the broadening of the X-ray lines. 

After reduction the X-ray experiments only showed the 
pattern of a-Fe, whereas Mossbauer spectra revealed the 
presence of a small amount of Fe 30 4 besides a-Fe. Since 
we checked that the reduction conditions were adequate 
to convert all iron oxide into metallic iron, we believe that 
the small amount of Fe 3 0 4 was formed after the catalyst 
was removed from the reactor. 

Crystallographically Different Iron Carbides. First we 
tried to find the reaction conditions under which the 
catalysts are converted into single-phase carbides. The 
Mossbauer spectrum of a metallic iron catalyst after 1.5 
h Fischer-Tropsch synthesis at 723 K is shown in Figure 
la. During the initial period of ~15 min the reaction 
process could not be limited to differential conversions. 
This resulted in the formation of graphitic carbon. The 
Mossbauer spectrum (Figure la) shows that some con
tamination of iron oxides is present, which is probably 
formed after the sample was removed from the reactor. 
The Mossbauer parameters of this sample, given in Table 
I, agree within experimental error with the data of Le Caer 
et al. 1 2 for 0-Fe3C. X-ray diffraction data are given in Table 
II, and these data agree with the data of Lipson and 
Petch 1 3 for 0-Fe3C. This sample had a carbon content of 
7.7% by weight, which is higher than the value of 6.69% 
calculated for 0-Fe3C. Because the Mossbauer spectrum 
in Figure l a indicates a single phase except for the small 
oxide contamination, we conclude that some carbon layers 
were formed upon the surface of the catalyst during the 
reaction process. 

A metallic iron catalyst after 24 h of Fischer-Tropsch 
reaction at 513 K was flushed in helium at 623 K for 1 h. 
The data belonging to the X-ray diffraction pattern of this 
sample (Table II) agree with the data for x-Fe 5C 2 as 
published by Senateur.14 We measured the Mossbauer 
spectrum of this sample at three temperatures (Figure 
lb-d). The parameters of the room-temperature spectrum 
(Table I) agree within experimental error with the pa
rameters of x-Fe5C2 reported by Le Caer et al. 1 2 

In the least-squares fit of Lorentzian line shapes, we 
found broader lines for the Fe(II) site than for the Fe(I) 
site. 

The Mossbauer spectrum at 4.2 K (Figure Id) showed 
two broad lines on positions that are characteristic for an 
oxide. These lines are not visible in the spectra at 77 and 
295 K. Repeating the Mossbauer experiments revealed 
that the spectra did not change for several months. So we 
must conclude that this oxide was formed either imme-
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TABLE II: X-ray Diffraction Data of Single-Phase Carbides for Angles 20 between 50 and 60° 

e -Fe,C X Fe 5 C, e'-Fe s,C, 
this study 

"Fe,C", 0 

Barton and Gale" this study Lipson and Petch13 this study Senateur 14 
e'-Fe s,C, 
this study 

"Fe,C", 0 

Barton and Gale" 

28 1, % 28 /, % 26) I, % 20 /, % 20 /, % 20 /, % 

50.7 20 50.76 25 50.1 25 50.08 20 52.8 25 52.73 21 
51.8 20 52.24 52.0 50 52.06 4 5 
54.8 60 55.02 60 52.46 30 54.7 100 54.24 1 0 Q 

54.85 U U 

55.9 60 56.10 70 54.5 25 54.46 25 
57.0 55 57.39 60 55.4 80 55.46 70 
57.5 100 57.62 100 56.4 100 56.38 100 
58.7 55 58.90 55 57.5 30 57.54 30 

58.3 20 57.58 40 

" See text. 

Doppler velocity mm s- 1 

Figure 1. Mossbauer spectra of different iron carbides recorded at 
trie indicated temperatures: (a) 0-Fe3C; (b-d) x-Fe5C2; (e) «'-Fe 2 2C 
and some x-Fe5C2. 

diately after the sample was removed from the reactor or 
during the Fischer-Tropsch reaction. In situ experiments 
will be done to clarify this point. 

The Mossbauer spectrum of a Fe/Ti0 2/CaO catalyst 
after 48-h Fischer-Tropsch reaction at 513 K is shown in 
Figure le. This spectrum contains a small contribution 
of x-Fe5C2, for which the small peak at the high positive 
velocity side is characteristic. From this spectrum we 
subtracted a contribution of the Mossbauer spectrum of 
x-Fe 5C 2 such that the characteristic small peak disap
peared. The remaining spectrum was analyzed by means 
of the Lorentzian line-fitting procedure; it contains a 
sextuplet and a doublet. The Mossbauer parameters for 
the sextuplet, given in Table I, agree with the parameters 
published by Amelse et al. 5 for e'-Fe22G The Mossbauer 
spectrum of this sample recorded at 77 K contained no 
doublet after the correction for x-Fe5C2 while the intensity 
of the t'-Fe22C sextuplet was stronger than in the room-
temperature spectrum. So we conclude that the doublet 
belongs to e'-Fe22C in a superparamagnetic state. The 
contribution of c'-Fe22C to the total spectrum of Figure 
le is 83%. The X-ray diffraction pattern of this sample 

Doppler velocity mm s- 1 

Figure 2. Mossbauer spectra of metallic iron catalysts after different 
periods of Fischer-Tropsch synthesis at various temperatures. Spectra 
were recorded at room temperature. 

is shown in Figure 3c; line positions and intensities are 
given in Table II. Interpretation of these data is less 
straightforward than the interpretation of the Mossbauer 
spectrum. The X-ray diffraction pattern measured by us 
is similar to the one published by Barton and Gale" for 
a carbide e-Fe2C with an almost hexagonal lattice. How
ever the Mossbauer spectrum clearly shows i'-Fe22C as the 
major phase in this sample and also excludes e-Fe2C as a 
possible constituent. In all other experiments in which 
Mossbauer spectroscopy revealed the presence of a con
siderable quantity of e'-Fe22C, we measured an X-ray 
diffraction pattern similar to that found by Barton and 
Gale.11 So we have concluded that the X-ray diffraction 
pattern published by Barton and Gale should not be at
tributed to almost hexagonal <-Fe2C but to hexagonal ('-
Fe 2 2C. Up to now we did not succeed in preparing a single 
phase of the carbide e-Fe2C. 
Formation of Carbides at Different Temperatures. 

Mossbauer spectra of pure iron catalysts that were sub
jected to Fischer-Tropsch synthesis at various tempera
tures and times are shown in Figure 2. Spectra taken at 
temperatures higher than or equal to 513 K could be an
alyzed into spectral contributions of the constituents as 
outlined before. The spectra of Figure 1 were used as the 
single-phase spectra Bik. The spectral contributions ob-
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TABLE III: Spectral Composition of the Mossbauer 
Spectra of Metallic Iron Catalysts at T = 295 K after 
Fischer-Tropsch Synthesis at Various Temperatures 

synthe-

temp, 
K 

synthe
sis 

time, h 

spectral contribution, 

•Fe Fe^C Fe, ,C Fe s C, 
0-

Fe.C 

433 
463 
513 
0 23 
7 23 

24 
24 
24 

3 
1.5 

87 
13 a 36 

35 65 
12 47 41 

100 
° The carbide concerned is clearly visible in the 

Mossbauer spectrum, although the spectral contribution 
could not be calculated (see text). 

V a B 

\J\, c 

59 58 57 56 55 54 53 52 51 

2 0 ^ 

Figure 3. Relevant part of the X-ray diffraction patterns of (A) a 
metallic iron catalyst after 24 h of Fischer-Tropsch synthesis at 433 
K, (B) the same at 463 K, and (C) a Fe/Ti0 2 /CaO catalyst after 48 h 
of Fischer-Tropsch synthesis at 513 K. 

tained are summarized in Table III. We have not applied 
this method to catalysts carbided at temperatures lower 
than 513 K because these samples contained a carbide 
phase that we could not prepare in a single phase. 

After 24 h of Fischer-Tropsch synthesis at 433 K (Figure 
2a), only a small part of the catalyst is converted into a 
carbide. The Mossbauer spectrum of this sample shows 
the spectrum of a-Fe and of a carbide in which a distri
bution of Heff even up to 275 kOe occurs. Because the 
contribution of this carbide to the spectrum is too small 
to analyze properly, we confined ourselves to the calcula
tion of the spectral contributions of a-Fe and the total 
amount of carbide. Because the carbide with the distri
bution in hyperfine fields does not seem to be the same 
as the f-Fe2C as reported by Maksimov,7 we shall refer to 
this carbide as Fe,C. The X-ray diffraction pattern of this 
sample (Figure 3a) showed a-Fe as the major phase being 
present. Also some weak broad lines were visible, which 
we could understand as a combination of the patterns 
published by Hofer et al. 9 for f-Fe2C and by Barton and 
Gale 1 1 for e'-Fe22C. 

The Mossbauer spectrum of a sample after 24-h syn
thesis at 463 K showed besides a-Fe, x-Fe5C2, and «'-Fe22C 
also the presence of the carbides with hyperfine fields up 
to 275 kOe, which we attributed to Fe,C. Under the as
sumption that the Mossbauer spectrum of Fe,C has no 
peaks at the position of the sixth peak of the sextuplet 
belonging to the Fe(II) site in x-Fe5C2, the relative con
tributions of x-Fe5C2 and a-Fe were calculated (Table III). 

7 0 0 

6 0 0 * standard experiment 
• synthesis after CO/HEll/4) 

5 10 15 20 25 
— * Reaction time (hours) 

Figure 4. Reaction rates during Fischer-Tropsch synthesis over a 
metallic iron catalyst at 513 K. 

According to the X-ray diffraction pattern of this sample 
(Figure 3b), e'-Fê C is the major constituent, together with 
X-Fe5C2 and a-Fe. 

The X-ray diffraction pattern of the catalyst after syn
thesis at 513 K for 24 h showed the presence of x-Fe5C2 

and t'-Fe22C, while the sample after 3-h synthesis at 625 
K showed x-Fe5C2 and 0-Fe3C. The X-ray diffraction 
pattern of a catalyst after 1.5 h of synthesis at 723 K 
resembles the data of 0-Fe3C.13 

Time-Dependent Experiments at 513 K. The reaction 
rate of Fischer-Tropsch synthesis over a metallic iron 
catalyst, obtained by reducing 3 g of the precipitate, was 
determined as a function of time at 513 K and is given in 
Figure 4. The reaction rate started at zero and reached 
a maximum value after 3.5 h followed by a rather strong 
deactivation to a level of 40% of the maximum after 24 
h. 

After the reduced catalyst was treated with a gas mixture 
of 20% CO in He at 513 K for 2.5 h, the reaction rate 
started at a value near the maximum activity, which was 
achieved after 2 h. Although the value of this maximum 
was lower than in the case of an initially pure iron catalyst, 
the reaction rates tended to become equal at increasing 
times (Figure 4). The same result was obtained after 
pretreating the reduced catalyst with a gas mixture of 20% 
ethylene in helium. 

The reaction rate of a Fe/Ti0 2/CaO catalyst showed a 
time-dependent behavior similar to that of the metallic 
iron catalyst. 

The time-dependent behavior of a metallic iron catalyst 
during Fischer-Tropsch synthesis at 513 K was studied 
as follows. A sample obtained by reducing 0.5 g of the 
precipitate was subjected to synthesis for 0.5 h. After the 
sample was removed from the reactor, a new sample was 
introduced and subjected to the reaction process for a 
longer time and so on. We measured reaction rates and 
product distributions as a function of time for each ex
periment. No significant differences between the various 
experiments were found for corresponding time intervals. 
We concluded from this that the reaction process was 
sufficiently reproducible to justify the procedure used for 
studying the time-dependent behavior of the catalyst. 
Mossbauer spectra of the catalyst samples subjected for 

various periods of time to the Fischer-Tropsch reaction 
at 513 K are shown in Figure 5. The spectra were analyzed 
as discussed in the Experimental Section, and the results 
are given in Table IV. The Mossbauer spectra of samples 
subjected to synthesis for 2.5 h or less indicated the 
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Doppler velocity mms-' 

Figure 5. Mossbauer spectra of metallic iron catalyst after different 
periods of Fischer-Tropsch synthesis at 513 K. Spectra were recorded 
at room temperature. 

TABLE IV: Spectral Composition of the Mossbauer 
Spectra of Metallic Iron Catalysts at T = 295 K after 
Different Periods of Fischer-Tropsch 
Synthesis at T= 513 K 

synthesis a-Fe, e'-Fe, ,C, X-Fe s 

time, h % % %' % 

0.5 57 14-22 0-8 21 
1.1 31 8-23 5-20 41 
2.5 0 4-9 25-30 66 
6.5 0 0 28 72 

24 0 0 35 65 
4 8 0 0 38 62 

presence of Fe,C. As the Mossbauer spectrum of the single 
phase could not be obtained, the spectral contributions of 
some carbides could only be calculated between certain 
limits (Table IV). The spectral contribution of x-Fe5C2 

has been calculated under the assumption that the 
Mossbauer spectrum of Fe,C has no peaks at the position 
of the sixth peak of the Fe(II) site in x-Fe5C2. For com
parison, we have plotted the catalytic reaction rate together 
with the relative spectral contributions to the Mossbauer 
spectra of a-Fe and the different carbides as a function 
of time in Figure 6. The results given in this figure will 
be discussed in the following section. 
The X-ray diffraction pattern of the sample after 0.5-h 

reaction time predominantly showed a-Fe and furthermore 
broad lines at diffraction angles 20 of 55.2 and 52.7°, re
spectively. We interpret these lines as being due to a 
combination of the diffraction lines of e-Fe2C9 and i'-
Fe 2 2C. u After 2.5-h synthesis the a-Fe peak had nearly 
disappeared and the remaining pattern consisted of broad 
lines, attributed to contributions of f'-Fe22C and x-Fe5C2. 
The X-ray diffraction patterns of samples after longer 
reaction times consisted of less broad lines. They could 
be identified as a combination of x-Fe5C2 and e'-Fe22C. 

c. 2OO0 
Ë 
%• 

T 0 

.5 IOO 

Fe,C 

'-"ft 

synthesis time 
(hf) 

Figure 6. Reaction rates (upper curve) and relative contributions of 
a-Fe and the various carbides to the Mossbauer spectra during 
Fischer-Tropsch synthesis over a metallic iron catalyst at 513 K. 

59 58 57 56 55 54 53 52 51 

2 0 — 

Figure 7. Relevant part of the X-ray diffraction patterns of a metallic 
iron catalyst after Fischer-Tropsch synthesis at 513 K for (A) 1.1, (B) 
6.0, and (C) 48 h. 

5 K3 I5 20 25 30 35 40 45 
—•» Reaction time (hours) 

Figure 8. Weight percentage carbon in metallic iron catalyst during 
Fischer-Tropsch synthesis at 513 K: (O) experimental values; (A) 
values calculated from the spectral composition of the Mossbauer 
spectra. 

Some of the X-ray diffraction patterns are shown in Figure 
7. 
The carbon weight content of the samples is plotted as 

a function of time in Figure 8. The value of 8.7% after 
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48 h of synthesis lies between the theoretical values for 
e'-Fe22C and x-Fe5C2. When we assume that the carbides 
e'-Fe22C and x-Fe5C2 have the same recoilless Mossbauer 
fractions, the carbon content due to the present carbide 
phases could be calculated for this sample from the 
analysis of the Mossbauer spectrum. The result is a carbon 
content of 8.3%, so that apparently an amount of carbon 
was present on the surface, corresponding to ~0.4% of the 
sample's total weight. For the samples after 6.5- and 24-h 
synthesis, the measured carbon content was also higher 
than the value calculated from the Mossbauer spectra. 
Discussion 

In our experiments four different iron carbides appeared. 
These carbides are the well-known H-Fe3C, x-Fe5C2, and 
«'-Fe2.2C, and one that has not been reported before, which 
we have called Fe,C. The identification of 0-Fe3C and 
X-Fe5C2 by means of X-ray diffraction as well as Mossbauer 
spectroscopy was possible in a straightforward manner. 
The identification of t'-Fe22C has been performed by 
means of the Mossbauer spectrum published by Amelse 
et al. 5 

Maksimov et al.' are the only authors who published a 
Mossbauer spectrum of e-Fe2C. They analyzed their 
spectrum as a combination of three different sextuplets 
with a maximum hyperfine field of 237 kOe at the Fe(II) 
site. We think it is doubtful that their rather detailed 
analysis is correct, because the contribution of the carbide 
phase to the spectrum is only small. Moreover the velocity 
resolution of their spectrum seems to be rather poor. The 
Mossbauer spectrum of our sample prepared at T = 433 
K for 24 h (Figure 3a) resembles the spectrum measured 
by Maksimov et al.,7 but our spectrum could not be 
characterized by three Lorentz sextuplets, because of the 
distribution of hyperfine fields up to 275 kOe at the Fe 
site with the highest hyperfine splitting. We assigned this 
Mossbauer spectrum to a carbide Fe^C. 

It is noteworthy that this carbide Fe xC appeared only 
together with a-Fe or shortly after the moment that a-Fe 
had disappeared, as can be seen in Figure 6. No FexC was 
found at a synthesis temperature higher than 513 K. The 
X-ray diffraction patterns of samples in which Fe,C was 
present showed apart from the narrow a-Fe reflection only 
broad lines, and their intensity was weaker than one would 
expect from the analysis of the Mossbauer spectra. From 
these results we suggest that Fe,C represents poorly de
fined structures intermediate between a-Fe and a known 
carbide structure. The question remains whether any 
relation exists between Fe^C and the ecarbide of Maksi
mov et al. 7 For instance, Fe rC might be a precursor of 
e-carbide. More work will be done to clarify this. 

In the Mossbauer spectrum of the x-Fe5C2 sample 
measured at 4.2 K, we found a contribution characteristic 
for a-Fe 20 3 though the broad lines indicate a distribution 
in hyperfine fields (Figure 3d). This contribution was not 
visible in the Mossbauer spectra measured at 77 and 295 
K, respectively. Apparently the fraction of the sample in 
which this oxide contribution is present has a recoilless 
fraction which decreases rapidly with increasing temper
ature. It is conceivable, therefore, that it might be an oxide 
layer at the surface of the catalyst. However further ex
periments are necessary to clarify this point. The question 
whether this oxide layer has been formed during the 
Fischer-Tropsch synthesis or after removing the sample 
from the reactor can only be answered when Mossbauer 
experiments under reaction conditions are performed. 

In the temperature-dependent experiments we found 
that Fe^C was formed during Fischer-Tropsch synthesis 
at 433 and 463 K. Moreover Fe,C was formed in an early 
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stage in the time-dependent experiments at 513 K. The 
carbides e'-Fe22C and x-Fe5C2 appeared in catalysts that 
had been subjected to synthesis at temperatures from 463 
K up to 623 K. Cementite, 0-Fe3C, was formed at 623 and 
723 K, and at the latter temperature it was the only carbide 
phase present. The temperature-dependent formation of 
carbides in metallic iron does not fit in the scheme for 
promoted iron catalysts as published by Sander et al. 1 0 As 
far as we are aware, no literature is available on the for
mation of carbides in unsupported and unpromoted 
metallic iron. Only Le Caer et al. 1 2 and Bernas et al. 1 5 state 
that iron only forms single-phase x-Fe5C2 at 673 K and 
single-phase 0-Fe3C at 823 K in a gas mixture of 7H 2 plus 
3C0. As we found that 0-Fe3C was already formed at 623 
K, the former observation is not consistent with our results. 

Our sample of iron supported on a mixture of T i 0 2 and 
CaO formed almost exclusively t'-Fe2.2C at 513 K, which 
agrees with the results of Amelse et al. 5 for iron supported 
on Si0 2. 

For a Fe/Si0 2 catalyst after 6 h of Fischer-Tropsch 
reaction, Raupp and Delgass4 found a Mossbauer spectrum 
which they analyzed with the three subspectra of x-Fe5C2, 
however, with an intensity ratio which differs strongly from 
the expected ratio 2:2:1. They ascribe this deviation to 
surface effects or to the presence of unknown intermediate 
structures. From temperature-dependent Mossbauer ex
periments it followed that the sample did not show a 
magnetic splitting above 505 K. Raupp and Delgass con
clude from this result that the sample contains only x-
Fe 5C 2, which has a Curie point of 525 K. However this 
conclusion is not necessarily correct, because a carbide with 
a Curie point higher than 505 K may be present in a su
perparamagnetic state with a transition temperature lower 
than 505 K. The Mossbauer spectrum of their sample 
looks almost identical with the Mossbauer spectra that we 
have measured with samples after 6-h Fischer-Tropsch 
reaction or longer. These spectra could straightforwardly 
be analyzed as combinations of x-Fe5C2 and t'-Fe^C. Thus 
we suggest that the Mossbauer spectrum that Raupp and 
Delgass4 measured with a Fe/Si0 2 catalyst after 6 h of 
Fischer-Tropsch reaction at 525 K does not represent some 
deformed x-Fe5C2, but a combination of x -Fe 5C 2 and e'-
Fe 2 2C, the latter phase being present in small particles with 
a superparamagnetic transition temperature below 505 K. 

For a Fe/Si0 2 catalyst with an average diameter of 7.5 
nm which has been exposed to Fischer-Tropsch synthesis 
at 525 K for 6 h, Raupp and Delgass4 find a Mossbauer 
spectrum which is a combination of mainly c'-Fe22C and 
some e-Fe2C. Temperature-dependent Mossbauer exper
iments confirm the presence of e'-Fe2.2C and some e-Fe2C. 
The X-ray diffraction pattern shows three reflections 
which the authors ascribe to e-Fe2C, which contradicts the 
Mossbauer experiments. Unfortunately they do not 
present the diffraction parameters, and we suspect that 
Raupp and Delgass have measured the same pattern as 
Barton and Gale.11 As we discussed before, this pattern 
has to be ascribed to «'-Fe2 2C instead of e-Fe2C. 
Nahon et al. 6 have recently studied the formation of 

carbides in Fe/Al 20 3 catalysts at 523 K. The Mossbauer 
spectrum of the catalyst after 19 h of Fischer-Tropsch 
reaction at 523 K has been ascribed by the authors to the 
carbide e-Fe2C. However this ascription is not right. From 
the observed effective hyperfine field of 184 kOe at T = 
4.2 K, it follows that the carbide formed is e'-Fe22C. 
Some authors4 consider e'-Fei2C as a less stable carbide. 

However in our experiments «'-Fe2 2C was formed at tem
peratures as high as 623 K, while Amelse et al. 5 reported 
the thermal stability of e'-Fe22C on S i 0 2 up to 673 K. So 
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lime (hours) 

Figure 9. Conversion rate of CO into bulk carbides and into hydro
carbons during Fischer-Tropsch synthesis over metallic iron catalysts 
at 513 K. 

we conclude that t'-Fe22C is a stable carbide, at least as 
stable as x-Fe5C2. 

In short, from the comparison of our results with those 
of various authors, we conclude that, apart from the tem
perature at which the reaction takes place, the nature of 
the catalyst (e.g., promoted or supported) is crucial for the 
process which determines which type of carbide will be 
formed. 

Analysis of the Mossbauer spectra of catalysts after 
various periods of Fischer-Tropsch reaction indicates that 
as soon as a mixture of carbon monoxide and hydrogen is 
passed over the catalyst metallic iron is rapidly converted 
into the carbides Fe,C, e'-Fe22C, and x-FesC2. Apparently 
carbon atoms deposited at the surface by dissociative ad
sorption of CO can migrate into the catalyst at a high rate. 
In an early stage of the synthesis the catalyst will contain 
regions with a-Fe and regions where the carbides e'-Fe2 2C 
and x-Fe5C2 are formed. Probably Fe,C will be found in 
the boundary between those regions. When more and 
more metallic iron is converted into carbides, the diffusion 
rate of carbon atoms into the catalyst will slow down with 
the result that progressively more carbon atoms remain 
on the surface, forming there spots of graphite. A similar 
mechanism has recently been proposed by Raupp and 
Delgass,16 based on simultaneous kinetic and single velocity 
Mossbauer experiments. They noticed that during an 
experiment there is a linear relation between the amount 
of bulk carbides formed and the rate of hydrocarbon 
formation, and they suggest a causal relation between the 
two phenomena. 
Another explanation is that the bulk carbide formation 

and the Fischer-Tropsch synthesis are in competition in 
such a way that a high rate of carbide formation entails 
a low rate of hydrocarbon formation. This presupposes 
that these two reactions have a common precursor (e.g., 
some type of surface carbon) that is formed in an overall 
rate-determining step. This model is supported by Figure 
9, where we have plotted the conversion of CO into bulk 
carbides together with the conversion of CO into hydro
carbons, both as a function of time. These results suggest 
that iron atoms at the surface of the catalyst form the sites 
that are active in Fischer-Tropsch synthesis, although it 
is very well possible that these sites need some form of 
activation during the first minutes of the process. The 
increase of the initial activity by pretreating the catalyst 
with CO or C 2H 4 can be fully understood with this model. 
Depending on the duration of the pretreatment, a certain 
amount of carbon has diffused into the iron lattice. When 
the pretreated catalyst is then subjected to the Fischer-

Tropsch synthesis, the diffusion rate of carbon into the 
bulk of the catalyst is lower and the activity for the for
mation of hydrocarbons starts at a level well above zero. 
However, since evidence that the formation of surface 

carbon is the rate-determining step for the reaction be
tween carbon monoxide and hydrogen on iron catalysts is 
not available, we cannot exclude the possibility that hy
drogénation of carbon monoxide and bulk carbide for
mation are two more or less autonomous processes, each 
with its own rate-determining step. Here a relatively slow 
activation of the iron surface would be the reason of the 
low activity for the formation of hydrocarbons during the 
early stage of the reaction process. 

In both explanations (competition or autonomous pro
cesses) the activation for hydrocarbon synthesis can be 
understood by assuming that one or more carbon atoms 
are required to form together with iron an active ensemble 
where other carbon atoms are hydrogenated. This would 
be similar to the results of Araki and Ponec,17 who found 
that after 1 3C was laid down on a nickel film the rate of 
1 2CH 4 formation was initially some six times greater than 
on a clean nickel film. 

Since the measured carbon content of catalysts after 
Fischer-Tropsch synthesis for 6.5 h or longer is signifi
cantly higher than the carbon content of the bulk as cal
culated from the Mossbauer spectra, we conclude that the 
deactivation of the CO hydrogénation is caused by the 
formation of inactive carbon at the surface of the catalyst. 
Conclusions 

(1) The X-ray diffraction pattern which Barton and 
Gale 1 1 ascribed to a pseudohexagonal carbide Fe2C should 
be attributed to the hexagonal carbide <'-Fe22C. 

(2) During the Fischer-Tropsch synthesis at moderate 
temperatures (<513 K), a carbide Fe,C appears which has 
not been reported before. The presence of a hyperfine field 
distribution in the Mossbauer spectra and the weak and 
broad diffraction lines in the X-ray patterns indicate that 
Fe,C represents poorly defined structures intermediate 
between a-Fe and a real carbide structure. 

(3) The nature of an iron catalyst, i.e., whether or not 
it is promoted or supported, plays an important role in the 
process determining which carbide, or combination of 
carbides, will be formed at a given set of reaction condi
tions. 

(4) The initially low activity of metallic iron in the 
Fischer-Tropsch process can be understood as the con
sequence of either a competition between bulk carbidiza-
tion and hydrocarbon synthesis in which activation of the 
catalyst surface occurs relatively fast or a slow activation 
of the catalyst surface only. In the latter explanation bulk 
carbidization and hydrocarbon synthesis would be two 
autonomous processes. 

(5) The deactivation of the catalyst is caused by the 
formation of spots of inactive carbon, which progressively 
block more active sites. 
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4 CARBURIZATION OF a-Fe AS A FUNCTION OF H./CO RATIO. 

I n t r o d u c t i o n . 

In chapter three we r e p o r t e d on the c a r b u r i z a t i o n of m e t a l l i c i r o n , 

which was s t u d i e d as a f u n c t i o n of temperature and of s y n t h e s i s time a t 

513 K. We l i m i t e d o u r s e l v e s , however, to the case i n which the s y n t h e s i s 

gas c o n t a i n e d equal amounts of and CO, s i n c e t h i s i s b e l i e v e d to be 

the optimum c o m p o s i t i o n f o r the p r o d u c t i o n of u n s a t u r a t e d hydrocarbons . 
2 3 

R e c e n t l y Unmuth et a l and van D i j k found t h a t the r a t e of c a r b u r i z a 

t i o n depends on the s y n t h e s i s gas compositon. T h i s has been e s t a b l i s h e d by 

f o l l o w i n g the i n c r e a s e i n weight of the c a t a l y s t d u r i n g the F i s c h e r - T r o p s c h 

r e a c t i o n . 

I n t h i s chapter we d e s c r i b e an i n v e s t i g a t i o n i n which i n s i t u Mossbauer 

spectroscopy i s used to study the i n f l u e n c e of the H^/CO r a t i o on the c a r 

b u r i z a t i o n r a t e of unsupported and unpromoted, m e t a l l i c i r o n c a t a l y s t s and 

on the c o m p o s i t i o n of the c a t a l y s t w i t h r e s p e c t to the d i f f e r e n t i r o n 

c a r b i d e s . Experiments have been c a r r i e d out a t two d i f f e r e n t temperatures 

and i n two d i f f e r e n t l a b o r a t o r i e s . C a r b u r i z a t i o n experiments a t 515 K were 

done at Purdue U n i v e r s i t y , West L a f a y e t t e , I n d i a n a , U.S.A., whereas those 

a t 575 K were done at the I n t e r u n i v e r s i t a i r Reactor I n s t i t u u t , D e l f t , the 

N e t h e r l a n d s . 

E x p e r i m e n t a l . 

Carburization experiments at SIS K. 

The chemical r e a c t o r and the gas h a n d l i n g system a t Purdue U n i v e r s i t y 
4 . have been d e s c r i b e d by Delgass e t a l . The c a t a l y s t p r e c u s s o r c o n s i s t e d of 

50 mg a - F e 2 0 3 (BASF, diameter 50 run) and 250 mg s i l i c a ( C a b - 0 - S i l , EH5) 

pressed i n t o a wafer of 15 mm d i a m t e r . R e d u c t i o n of the c a t a l y s t took p l a c e 

i n H 2 ( 6 £/hr) at 400 K f o r 0.5 hour and at 675 K f o r 4 hour. The c a t a 

l y s t was co o l e d down to the r e a c t i o n temperature of 515 K i n f l o w i n g H^. 

A f t e r t h i s r e d u c t i o n procedure the c a t a l y s t had a s p e c i f i c s u r f a c e area of 

10.9 m /g, as was determined w i t h the BET method. C a r b u r i z a t i o n was c a r r i e d 
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out i n a m i x t u r e of fi^, C9 and He a t a t o t a l f l o w r a t e of 9 l/hr and w i t h 

a f i x e d CO content of 10% by volume. We note t h a t i n the i n i t i a l p e r i o d of 

c a r b u r i z a t i o n the r^/CO r a t i o i n the r e a c t o r i s h i g h e r than i n the feed gas, 

due to r e s i d u a l from the r e d u c t i o n . A f t e r c a r b u r i z a t i o n d u r i n g a chosen 

p e r i o d of time of 0,5, 2 or 4 hour r e s p e c t i v e l y the c a t a l y s t was c o o l e d down 

to room temperature under the f l o w of r e a c t a n t s . A l l gases were UHP grade 

from Matheson, w i t h the and CO gas being f u r t h e r p u r i f i e d by passage 

through an Engelhard Deoxo c a t a l y s t to remove oxygen and a bed of 5A and 

13X m o l e c u l a r s i e v e s to remove water. Mossbauer s p e c t r a were taken ex s i t u 

w i t h the spectrometer to be d e s c r i b e d below. 

Carburization experiments at 575 K. 

The r e a c t o r used i n these i n s i t u Mossbauer experiments ( f i g u r e 1) con

s i s t s of an outer c o n t a i n e r made of brass (1) which i s c o o l e d w i t h water on 

the o u t s i d e (2) i n order to permit the use of mylar windows ( 3 ) . Aluminium 

f o i l s (4) of 18 ym t h i c k are used as a r a d i a t o n s h i e l d . The h e a t i n g b l o c k 

(5) i s made of copper and i t can be heated by means of thermocoax w i r e s ( 6 ) . 

The c a t a l y s t ( 7 ) , pressed i n t o a s e l f s u p p o r t i n g p e l l e t , i s mounted i n the 

copper h e a t i n g b l o c k (5) by means of a copper screw r i n g ( 8 ) . The tempera

t u r e i s measured and r e g u l a t e d w i t h a chromel-alumel thermocouple ( 9 ) . The 
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h e a t i n g b l o c k and the l i d of the outer c o n t a i n e r are connected by means of 

a s t a i n l e s s s t e e l tube ( 1 0 ) , which has been made v e r y t h i n i n o r d e r to 

minimize heat l o s s e s to the c o o l e d p a r t of the r e a c t o r . 

The c a t a l y s t p r e c u r s o r c o n s i s t e d of 60 mg a-Fe 20 (BASF, diameter 50 nm) 

and 200 mg s i l i c a ( A e r o s i l , 300 V) pressed i n t o a wafer of 22 ram i n 

diameter. Reduction of the c a t a l y s t was c a r r i e d out as f o l l o w s . A f t e r 

mounting the c a t a l y s t p e l l e t i n the r e a c t o r , the l a t t e r was evacuated to 

a p r e s s u r e of 4 * 10 ' T o r r and subsequently f i l l e d w i t h argon. A f t e r 

h e a t i n g to 77 K i n A r , r e d u c t i o n took p l a c e i n 100% at a f l o w r a t e of 

4 £/hr, d u r i n g 1 hour. Before s t a r t i n g the c a r b u r i z a t i o n process the 

r e a c t o r was c o o l e d to 575 K, evacuated to a p r e s s u r e of 4 * 10 ' T o r r and 

f i l l e d w i t h Ar. C a r b u r i z a t i o n o c c u r r e d a t 575 K d u r i n g 2.5 hours i n e i t h e r 

a m i x t u r e of CO, and Ar w i t h a c o n s t a n t t o t a l f l o w r a t e of 12.9 Jl/hr and 

a f i x e d CO content of 13 v o l %, or i n a m i x t u r e of CO and w i t h a c o n s t a n t 

CO f l o w r a t e of 7.2 SL/hr. The gases H 2 (Hoekloos, p u r i t y > 99.9%), CO (Hoek-

l o o s , p u r i t y > 99.5%) and Ar ( p u r i t y > 99.997%) were p u r i f i e d s e p a r a t e l y 

over a reduced copper c a t a l y s t (BASF, R3-11) and a m o l e c u l a r s i e v e (Union 

C a r b i d e , 5A) at room temperature. Oxygen contaminations i n the p u r i f i e d 

gases were found to be lower than 5 ppm, by u s i n g an e l e c t r o l y t i c Hersch 

c e l l . 

Mossbauer s p e c t r a of samples i n both s e r i e s experiments were taken w i t h 

a constant a c c e l e r a t i o n s pectrometer, u s i n g a ~^Co i n Rh source. H y p e r f i n e 

f i e l d s were c a l i b r a t e d a g a i n s t the 515 kOe f i e l d of a-Fe20.j at room tempe

r a t u r e , w h i l e isomer s h i f t s are r e p o r t e d w i t h r e s p e c t to the NBS standard 

sodium n i t r o p r u s s i d e (SNP). The f o l l o w i n g a b b r e v i a t i o n s w i l l be used 

throughout t h i s c h a p t e r . I.S.: isomer s h i f t , H: magnetic h y p e r f i n e f i e l d , 

and Y: e x p e r i m e n t a l l i n e w i d t h . 

To determine the Mossbauer parameters of the reduced c a t a l y s t we used 

the method i n which a c a l c u l a t e d s e x t u p l e t i s f i t t e d to the e x p e r i m e n t a l 

spectrum by v a r i a t i o n of the Mossbauer parameters, as d e s c r i b e d i n c h a p t e r 

two. The s p e c t r a of the p a r t l y c a r b u r i z e d c a t a l y s t s were a n a l y z e d , as f a r 
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as p o s s i b l e , by f i t t i n g . t h e m w i t h a l i n e a r combination of base s p e c t r a of 

known co-Tnosition.In those cases where t h i s method c o u l d not be a p p l i e d , we 

c o n f i n e d o u r s e l v e s to the d e t e r m i n a t i o n of the s p e c t r a l area b e l o n g i n g to 

the f i r s t and s i x t h peak of the a-Fe subspectrum and the area of the t o t a l 

spectrum, u s i n g the method which was d e s c r i b e d i n chapter two. 

R e s u l t s . 

The Mossbauer s p e c t r a (not shown) of the c a t a l y s t s which were reduced 

f o l l o w i n g the two d i f f e r e n t procedures as d e s c r i b e d i n the e x p e r i m e n t a l 

s e c t i o n , both y i e l d e d the f o l l o w i n g parameters a t room temperature: I.S.= 

0.27 + 0.01 mm/s, H = 333 + 2 kOe, V = 0.28 + 0.04 mm/s. These parameters 

agree w i t h those of b u l k a-Fe. 

In order to i n v e s t i g a t e whether the c a t a l y s t i s a f f e c t e d by exposing i t 

to a i r , the spectrum was a l s o recorded ex s i t u a t room temperature, and no 

d i f f e r e n c e was found i n the spectrum. However, when the spectrum was 

recorded a t 4.2 K, c o n t r i b u t i o n s of an i r o n o x i d e c o r r e s p o n d i n g to about 

12-15 % of the spectrum were observed. As i t w i l l be d i s c u s s e d i n chapter 

f i v e t h i s oxide i s m o s t l y i n the v i c i n i t y of the s u r f a c e of the c a t a l y s t . 

A n t i c i p a t i n g the r e s u l t s which w i l l be presented i n chapter f i v e we 

a l r e a d y mention here t h a t the spectrum of a s i m i l a r l y reduced c a t a l y s t 

r ecorded i n s i t u a t 4.2 K d i d not show the presence of any o x i d e s a t a l l . 

T h i s means tha t a f u l l y reduced a-Fe c a t a l y s t becomes o x i d i z e d a t s e v e r a l 

l a y e r s of and near the s u r f a c e , on exposing i t to a i r at room temperature. 

However, the reduced c a t a l y s t t h a t remained i n the r e a c t o r and t h a t w i l l 

be used i n the c a r b u r i z a t i o n experiments c o n s i s t s of 100% a-Fe. 

Carhurization experiments at 515 K. 

Mossbauer s p e c t r a of the c a t a l y s t o b t a i n e d a f t e r t h r e e d i f f e r e n t p e r i o d s 

of c a r b u r i z a t i o n i n m i x t u r e s of CO, H^ and He of three d i f f e r e n t composi

t i o n s are shown i n f i g u r e 2. The s p e c t r a have been a n a l y z e d by f i t t i n g 

them w i t h l i n e a r combinations of base s p e c t r a , the r e s u l t s are g i v e n i n 

t a b l e I and f i g u r e 3. For the base s p e c t r a we used Mossbauer s p e c t r a of the 
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F i g . 2 Mossbauer s p e c t r a at room temperature of a m e t a l l i c i r o n 
c a t a l y s t a f t e r d i f f e r e n t p e r i o d s of c a r b u r i z a t i o n at 515 K i n CO 
and m i x t u r e s of d i f f e r e n t c o m p o s i t i o n s . 

Table I S p e c t r a l c o m p o s i t i o n of the Mossbauer s p e c t r a ( f i g . 2) of a 
m e t a l l i c i r o n c a t a l y s t a f t e r c a r b u r i z a t i o n a t 515 K. '1. '. v \_ 

H2/CO time 
(hr) 

a-Fe Fe C x e'-Fe C 
% 2 - 2 

X"Fe 5 

1 0.5 85 a a a 
2.0 45 6 8 41 
4.0 21 4 21 54 

3 0.5 76 6 7 1 1 
2,0 33 7 19 ': 1 
4.0 16 4 30 50 

9 0.5 75 9 0 16 
2.0 29 7 22 42 
4.0 16 4 24 56 

A b s o l u t e u n c e r t a i n t y : 2 - 3 %; a) t o t a l c a r b i d e c o n t r i b u t i o n : 15 %. 

H 2 / C O 

a H €' X a • €' 

'W3 fe? 9^ 
-CLcD a l l ] •J—I 

F i g . 3 Composition of the Moss
bauer s p e c t r a i n f i g . 2, as g i v e n 
i n t a b l e I . A b b r e v i a t i o n s : 
a: a-Fe, x: Fe xC, £': e'-Fe 2 2C, 
X: X"Fe 5C 2. 
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same c a r b u r i z e d samples which have been used i n chapter t h r e e . 

Since we do not have a spectrum of Fe xC as a s i n g l e phase and moreover, 

because the spectrum of the c a r b i d e e'-Fe^ 2C n a s peaks i n the v e l o c i t y 

range where Fe^C shows c o n s i d e r a b l e a b s o r p t i o n , i t i s not p o s s i b l e to 

separate the c o n t r i b u t i o n s of these phases to the Mossbauer s p e c t r a com

p l e t e l y when they are both p r e s e n t . T h e r e f o r e the c o n t r i b u t i o n s of the 

Fe C and e'-Fe„ _C phases as mentioned i n t a b l e I are l e s s w e l l - d e f i n e d x 2.2 r 

than the c o n t r i b u t i o n s of the o t h e r phases. 

The r e s u l t s i n d i c a t e t h a t c a r b u r i z a t i o n a t 515 K proceeds slower i n 

s y n t h e s i s gas w i t h a co m p o s i t i o n i n which H^/CO = 1 than i n s y n t h e s i s gas 

w i t h Hj/CO = 3 or R^/CO = 9. The r a t e s of c a r b u r i z a t i o n f o r the l a t t e r two 

compositons appear to be i d e n t i c a l . A c o r r e l a t i o n between the compositions 

of the s y n t h e s i s gas and the k i n d of i r o n c a r b i d e i n the i n t e r i o r of the 

c a t a l y s t has not been found. I n a l l cases the c a r b i d e X"Fe,-C2 appears as 

the dominant c a r b i d e phase. 

Carburization experiments at 575 K. 

A d i f f e r e n t procedure was chosen f o r the experiments a t 575 K. Here we 

s t u d i e d the e x t e n t of c a r b u r i z a t i o n a f t e r a f i x e d p e r i o d of 2.5 hours as a 

f u n c t i o n of the H2/CO r a t i o i n the s y n t h e s i s gas. 

F i g u r e 4 shows i n s i t u Mossbauer s p e c t r a of the a-Fe c a t a l y s t a f t e r 2.5 

hours of c a r b u r i z a t i o n at 575 K i n a CO + H^ + Ar mi x t u r e w i t h a c o n s t a n t 

f l o w of CO (1.7 i/hr) and a v a r i a b l e f l o w of H 2 > S u f f i c i e n t Ar was added to 

keep the t o t a l gas f l o w c o n s t a n t . A l s o the s p e c t r a were anal y z e d by f i t t i n g 

them w i t h l i n e a r combinations of base s p e c t r a , and the r e s u l t s of t h i s 

a n a l y s i s are g i v e n i n t a b l e I I . 

I t i s seen t h a t c a r b u r i z a t i o n proceeds o n l y s l o w l y i n CO alone and t h a t 

the r a t e of c a r b u r i z a t i o n i n c r e a s e s s t r o n g l y when H 2 i s added to CO. As the 

most s p e c t a c u l a r i n c r e a s e i n the c a r b u r i z a t i o n r a t e occurs between H 2/CO=0 

and H 2/C0 = 1, another s e r i e s of experiments was c a r r i e d out w i t h H 2/C0 

r a t i o s i n t h i s range. However, i n order to a d j u s t these v e r y low H2/CO 

r a t i o s i n a r e p r o d u c i b l e way i t was necessary to i n c r e a s e the CO f l o w to 
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1 r 

Doppler Velocity (mm /s) Dopplet Velocity ( mm /s) 

F i g . k ( l e f t ) Mossbauer s p e c t r a a t room temperature of a m e t a l l i c i r o n 
c a t a l y s t a f t e r c a r b u r i z a t i o n a t 575 K f o r 2.5 hour, i n CO and mi x t u r e s 
of d i f f e r e n t compositions (CO f l o w r a t e : 1.7 1/h): 
F i g . 5 ( r i g h t ) the same (CO f l o w r a t e : 7.2 1/h). 

a c o n s t a n t r a t e of 7.2 i/hr. Mossbauer s p e c t r a of the a-Fe c a t a l y s t a f t a r 

c a r b u r i z a t i o n at 575 K i n these CO r i c h m i x t u r e s d u r i n g 2.5 hour are shown 

i n f i g u r e 5. These s p e c t r a c o n t a i n r e l a t i v e l y l a r g e c o n t r i b u t i o n s of the 

p o o r l y d e f i n e d c a r b i d e F e
x C . As a l r e a d y e x p l a i n e d e a r l i e r , a d e t a i l e d Moss

bauer spectrum of t h i s phase i s not a v a i l a b l e and, t h e r e f o r e , the method 

i n which l i n e a r combinations of base s p e c t r a are f i t t e d to the e x p e r i m e n t a l 

s p e c t r a c o u l d not be a p p l i e d to the s p e c t r a i n f i g u r e 5. F o r t u n a t e l y , the 

i r o n c a r b i d e s show no a b s o r p t i o n i n the v e l o c i t y range of the f i r s t and 

s i x t h peak of a-Fe. So we c o u l d c a l c u l a t e the s p e c t r a l c o n t r i b u t i o n of 

a-Fe, by d e t e r m i n i n g the areas of the t o t a l spectrum and of the two a-Fe 

outer peaks assuming t h a t the l i n e i n t e n s i t i e s of the a-Fe subspectrum are 

equal to those of the reduced c a t a l y s t . The r e s u l t s of t h i s c a l c u l a t i o n are 

shown i n t a b l e I I I . F i g u r e 6 shows the c o n t r i b u t i o n of a-Fe to the Moss-
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Table I I S p e c t r a l c o m p o s i t i o n of the Mossbauer s p e c t r a ( f i g . 4) of a 
m e t a l l i c i r o n c a t a l y s t a f t e r c a r b u r i z a t i o n a t 575 K f o r 2.5 hour. 

H2/CO a-Fe Fe C 
X 

e'-Fe 2 2C X-Fe 5C 2 

0 93 a a a 

1 34 6-1 1 10-15 45 

3 23 3-6 20-23 51 

6.6. 18 3-5 24-26 53 

A b s o l u t e u n c e r t a i n t y : 2%; a) t o t a l c a r b i d e c o n t r i b u t i o n : 7%. 

bauer s p e c t r a of the p a r t i a l l y c a r b u r i z e d c a t a l y s t s as a f u n c t i o n of the 

C0/H 2 r a t i o . From t h i s f i g u r e i t i s c l e a r t h a t f o r a g i v e n amount of CO the 

c a r b u r i z a t i o n r a t e i n c r e a s e s w i t h i n c r e a s i n g C0/H 2 r a t i o . But the c a r b u 

r i z a t i o n r a t e a l s o i n c r e a s e s s u b s t a n t i a l l y w i t h i n c r e a s i n g p a r t i a l p r e s s u r e 

of CO. 

In chapter t h r e e we found t h a t one of the c a t a l y s t a f t e r 24 hours of 

F i s c h e r - T r o p s c h s y n t h e s i s and exposure to a i r showed c o n t r i b u t i o n s of an 

i r o n oxide i n the Mossbauer spectrum a t l i q u i d h e l i u m temperature, which 

c o n t r i b u t i o n c o u l d not be observed i n the s p e c t r a a t room temperature. I t 

i s i n t e r e s t i n g to see i f such oxi d e s have a l s o been formed i n the p r e s e n t 

samples. As the i n s i t u r e a c t o r does not a l l o w the r e c o r d i n g of Mossbauer 

s p e c t r a a t temperatures below room temperature, we had to measure the 

Table I I I C o n t r i b u t i o n of m e t a l l i c i r o n to the Mossbauer s n e c t r a ( f i g . 5) 
of a c a t a l y s t a f t e r c a r b u r i z a t i o n at 575 K f o r 2.5 hour. 

H2/CO a-Fe(%) H 2/C0 a-Fe(%) 

0 5 2 + 3 0.23 22 

0.016 37 0.50 17 

0.05 24 1.00 12 
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H j / C O -

0 0.5 1.0 

H 2 / C 0 — -

F i g . 6 S p e c t r a l c o n t r i b u t i o n of a-Fe 
to the Mossbauer s p e c t r a of m e t a l l i c 
i r o n c a t a l y s t s a f t e r c a r b u r i z a t i o n a t 
575 K f o r 2.5 hour, as a f u n c t i o n of 
the H /CO r a t i o i n the s y n t h e s i s gas. 

Doppler Velocity (mm/ ) 

F i g . 7 Ex s i t u Mossbauer s p e c t r a at 
4.2 K of m e t a l l i c i r o n c a t a l y s t s a f 
t e r c a r b u r i z a t i o n at 575 K. 

hel i u m s p e c t r a ex s i t u . The s p e c t r a 
are shown i n f i g u r e 7 where i t can 
be seen t h a t o x i d e c o n t r i b u t i o n s 
appear indeed i n the f o u r p a r t l y 
c a r b u r i z e d c a t a l y s t s . The oxid e s 
account f o r about 8 - 12 % of the 
s p e c t r a l areas. 

D i s c u s s i o n 
The main r e s u l t s of t h i s work 

ar e : 
- The r a t e of c a r b u r i z a t i o n i n 

creases w i t h i n c r e a s i n g hydro
gen content of the s y n t h e s i s 
gas, a t f i x e d CO con t e n t . 
The r a t e of c a r b u r i z a t i o n i n 
c reases w i t h i n c r e a s i n g CO 
p r e s s u r e a t co n s t a n t H^/CO r a 
t i o . 

These c o n c l u s i o n s have a l s o been 
reached by van D i j k ' . He s t u d i e d 
the weight i n c r e a s e of an unsuppor
ted i r o n c a t a l y s t a t 513 K i n three 
s e r i e s of experiments: i n CO as a 
f u n c t i o n of CO p a r t i a l p r e s s u r e and 
i n CO+H^ mi x t u r e s as a f u n c t i o n of 
H^/CO r a t i o w i t h f i x e d p a r t i a l p r e s 
sures of e i t h e r CO or H^. Van D i j k 
observed a l a r g e i n c r e a s e i n the 
weight g a i n of the c a t a l y s t when 
the gas co m p o s i t i o n v a r i e d i n the 
H 2/C0 range between 0 and 1. T h i s 
i s the same range i n which we found 
the l a r g e s t i n c r e a s e i n the c a r b u r i 
z a t i o n r a t e . Furthermore, van D i j k 
found a p o s i t i v e o r d e r i n CO f o r the 
weight i n c r e a s e , both i n CO+H^ and 
i n CO o n l y , c o n s i s t e n t w i t h our r e 
s u l t s i n f i g u r e 6. 
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I t should be noted t h a t the two methods, Mossbauer spectroscopy and 

d e t e r m i n a t i o n of the i n c r e a s e i n weight of the c a t a l y s t , y i e l d r e s u l t s t h a t 

r e f e r to d i f f e r e n t aspects of the c a t a l y s t s behaviour. The weight g a i n of 

the c a t a l y s t i s m a i n l y determined by the r a t e at which carbon atoms are 

d e p o s i t e d at the s u r f a c e , i r r e s p e c t i v e of whether these carbon atoms s t a y 

at the s u r f a c e or d i f f u s e i n t o the b u l k of the c a t a l y s t . Mossbauer s p e c t r o s 

copy on the c o n t r a r y , d e t e c t s the numer of i r o n atoms b e l o n g i n g to a b u l k 

c a r b i d e . The l a t t e r i s a measure f o r the amount of carbon atoms t h a t have 

d i f f u s e d i n t o the i n t e r i o r of the c a t a l y s t . As we have seen a l r e a d y i n 

chapter three the d i f f e r e n c e between the t o t a l carbon content and the 

amount of carbon i n b u l k c a r b i d e s can be c o n s i d e r a b l e . 
2 . . . Unmuth e t . a l . s t u d i e d the i n c r e a s e m weight of i r o n supported on 

s i l i c a d u r i n g c a r b u r i z a t i o n i n CO and i n CO + 3 at 528 K. They a l s o 

found t h a t the i n c r e a s e i n weight proceeded c o n s i d e r a b l y f a s t e r i n the 

presence of H^. The authors a t t r i b u t e t h i s to a f a s t removal of oxygen 

atoms, o r i g i n a t i n g from the d i s s o c i a t i o n of adsorbed CO at the s u r f a c e , 

by means of a r e a c t i o n w i t h hydrogen to form water, l e a v i n g behind empty 

s i t e s on the s u r f a c e where new CO molecules can be adsorbed and d i s s o c i a t e d 

We w i l l postpone a d i s c u s s i o n on the c a r b u r i z a t i o n of i r o n to chapter f i v e 

when a d d i t i o n a l i n f o r m a t i o n about the r o l e of oxygen on the s u r f a c e of the 

c a t a l y s t w i l l be a v a i l a b l e . 

With r e g a r d to the c o m p o s i t i o n of the p a r t i a l l y c a r b u r i z e d c a t a l y s t s we 

note t h a t under the c o n d i t i o n s of our i n v e s t i g a t i o n s f o u r i r o n c o n t a i n i n g 

phases were p r e s e n t : ct-Fe, F e
x

c , e'-Fe,, and /"Fe^C^. I n a l l cases 

X - F e ^ C 2 was the dominant c a r b i d e phase. S u b s t a n t i a l c o n t r i b u t i o n s of the 

c a r b i d e S-Fe^C were not observed. These r e s u l t s are c o n s i s t e n t w i t h those 

of the temperature dependent c a r b u r i z a t i o n experiments d e s c r i b e d i n 

chapter t h r e e . 

A f t e r c a r o u r i z a t i o n at 515 K d u r i n g 4 hour the c a t a l y s t s s t i l l c o n t a i n e d 

a s i g n i f i c a n t amount of m e t a l l i c i r o n , whereas i n the experiments of 

chapter three 2.5 hour of c a r b u r i z a t i o n i n a CO : H 2 = 1:1 m i x t u r e was s u f 

f i c i e n t to c o n v e r t a l l m e t a l l i c i r o n i n t o c a r b i d e s . Vie a t t r i b u t e t h i s 
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d i f f e r e n c e to two f a c t o r s . F i r s t , the p a r t i c l e s i z e of the c a t a l y s t p r e 

c u r s o r OL-Fe^O^ u s e d i n t h i s work was 50 nm, whereas t h a t of the unreduced 

c a t a l y s t i n chapter t h r e e was c o n s i d e r a b l y s m a l l e r , 30 nm. S i n c e the 

r e d u c t i o n of the l a t t e r c a t a l y s t has been c a r r i e d out at a lower temperature 

than t h a t of the former, we f e e l c o n f i d e n t t h a t the reduced c a t a l y s t t h a t 

was used i n chapter t h r e e was s i g n i f i c a n t l y s m a l l e r . Small p a r t i c l e s 
4 

c a r b u r i z e f a s t e r than l a r g e r ones, as was shown by Raupp and Delgass . 

Second, a s l i g h t l y h i g h e r p a r t i a l p r e s s u r e of CO. has been used i n the expe

riments of chapter t h r e e . One of the c o n c l u s i o n s of the present i n v e s t i 

g a t i o n i s t h a t the c a r b u r i z a t i o n process has a p o s i t i v e o r d e r i n CO. 

The l i q u i d h e l i u m s p e c t r a of f i g u r e 7 i n d i c a t e d t h a t the s u r f a c e of the 

c a t a l y s t s i s p a r t i a l l y o x i d i z e d . These oxi d e s were absent i n the s p e c t r a 

measured both i n and ex s i t u a t room temperature. S i n c e the c a t a l y s t s have 

been exposed to a i r , i t i s not c l e a r whether or not the i r o n o x i d e s o r i g i 

nate from the F i s c h e r - T r o p s c h r e a c t i o n . Only i n the case of the reduced 

c a t a l y s t we can be sure t h a t the s u r f a c e became o x i d i z e d o u t s i d e the 

r e a c t o r . T h i s i s i n accordance w i t h the o b s e r v a t i o n of Geus"', t h a t a m e t a l 

l i c i r o n f o i l o x i d i z e s to a depth of about 7 atomic l a y e r s on exposing i t 

t o a i r a t room temperature. 

Here we can o n l y s p e c u l a t e on the o r i g i n of the o x i d e s on the p a r t i a l l y 

c a r b u r i z e d c a t a l y s t s . We conclude once more t h a t i n s i t u Mossbauer s p e c t r a 

of the c a t a l y s t a t 4.2 K are a p r e r e q u i s i t e i n o r d e r to be a b l e to answer 

the q u e s t i o n whether or not s u r f a c e o x i d e s can be formed under F i s c h e r -

Tropsch c o n d i t i o n s . T h i s w i l l be the s u b j e c t of chapter f i v e . 
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Unsupported iron catalysts show contributions of iron oxide in their Mossbauer spectra after 
F ischer-Tropsch synthesis when the spectra are recorded at 4.2 K. This iron oxide is characterized 
by a low recoilless fraction, corresponding to a Debye temperature of about 50 K and by a broad 
distribution in magnetic hyperfine fields, ranging from 370 to 544 kOe, the magnetic field of bulk 
a - F e 2 0 3 . It is argued that this oxide is located at the surface of the catalysts. In situ Mossbauer 
experiments confirm that i ron surface oxide can indeed by formed during Fischer-Tropsch 
synthesis. Implications for the carburization of iron are discussed. 

1. Introduction 

Recently we reported a study on the behaviour of unsupported, unpromoted 
metallic iron catalysts in the Fischer-Tropsch process [1], the synthesis of 
hydrocarbons from CO and H 2. Iron catalysts are not stable during this 
reactton.and they are converted into iron carbides as was found from Moss
bauer spectra of the catalyst after it had been removed from the reactor. In 
analysing Mossbauer spectra of the fully carburized sample taken at 4.2, 77 
and 295 K, an interesting observation was made. In addition to a carbide 
contribution, the Mossbauer spectrum at 4.2 K contained a subspectrum with a 
hyperfine field of a magnitude such that it should be attributed to an iron 
oxide, while the spectra at 77 and 300 K only indicated the presence of iron 
carbides. Evidently the oxide subspectrum is associated with a part of the 
sample that has a recoilless fraction which decreases more rapidly with 
increasing temperature than the recoilless fraction related to the rest of the 
spectrum. Since atoms located at a surface have higher vibrational amplitudes 
and hence lower recoilless fractions than atoms in bulk material, we suggested 
that the iron oxide is located at the surface of the catalyst. As the Mossbauer 
spectra of the catalyst which was kept in air for several months did not change, 
we concluded that the oxide was formed either during the Fischer-Tropsch 
process or immediately after the sample was removed from the reactor. 

In this paper we present a more detailed study on the oxide present in the 
air passivated catalyst and we describe some in situ Mossbauer experiments in 
order to investigate whether such surface oxide contributions can be formed 
during Fischer-Tropsch synthesis. The latter experiments were performed in a 
cell with a controllable atmosphere, in which reactions can be carried out at 
temperatures up to 800 K after which Mossbauer spectra can be recorded in 
situ at temperatures down to 2 K. A description of this cell is given in the 
experimental section. 

2. Experimental 

The surface oxide was investigated using a metallic iron catalyst after 24 h 
of Fischer-Tropsch synthesis at 523 K in a mixture of 1 CO + 1 H 2 + 3 He at 
1 atm, followed by 1 h flushing in helium at 623 K. After cooling down to room 
temperature the sample was removed from the reactor and exposed to air. 
More details about the catalyst precursor and the reactor have been given 
previously [1]. 

Mossbauer spectra were obtained with a constant acceleration spectrometer, 
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Fig . 1. Chemical reactor and absorber holder: 1 beryll ium window. 2 upper part absorber holder, 
3 indium O-r ing. 4 absorber, 5 lower part absorber holder. 6 flange with O-r ing. 7 beryl l ium 
window, 8 water cooling. 9 heating wire. The outside diameter of the reactor at the bottom is 100 
mm. 

using a "Co in Rh source (20 mCi). Hyperfine fields H are calibrated against 
the 515 kOe field of a-Fe 20 3 at room temperature. Distributions in H were 
calculated with the method of Hesse and Rubartsch [2], including the useful 
additional constraint that the endpoint intensities of the distribution should be 
zero, as suggested by Wivel and Morup [3]. 

In order to be able to perform Mossbauer experiments at temperatures 
between 2 and 300 K with a catalyst that is kept in a controlled environment, 
we constructed a separate absorber holder which can be closed vacuum-tight in 
the chemical reactor, without exposing the catalyst to air. The closed absorber 
holder can be easily mounted into a cryostat, after which transmission Moss
bauer experiments can be done at any desired temperature. Fig. 1 schemati
cally shows the chemical reactor and the separate absorber holder. 

The reactor consists of an outer container of brass, divided into two parts. A 
thick-walled stainless steel tube with heating coils is placed in the center. The 
heat transfer to the bottom of the reactor is minimized by making the stainless 
steel tube at the end very thin. The outer container is cooled by water. On top 
of the central heating tube the lower part of a stainless steel absorber holder 
can be mounted. This part contains the absorber, which is pressed into a 
self-supporting tablet. The upper part of the absorber holder contains an 
indium O-ring and is mounted on a movable stainless steel rod which extends 
to the exterior of the reactor. By lowering this rod, the upper part of the 
absorber holder can be screwed vacuum-tight onto the fixed part. The absorber 
holder is equipped with beryllium windows, vacuum brazed on the stainless 
steel. The temperature is monitored and regulated by a stainless steel sheathed 
chromel-alumel thermocouple (not shown). A temperature of 800 K. can be 
obtained using a heating power of about 150 W in the thermocoax heating 
wires. 

The catalyst precurser is a mixture of 35 mg a-Fe 20 3 (BASF, diameter 50 
nm) and 115 mg silica (aerosil 300 V) pressed into a tablet. These tablets are 
reduced in flowing H 2 (41/h, 1 atm) at 670K for 2.5 h. The reduced catalyst 
was treated at 500 K for 3 h either with CO at a flow rate of 31/h at 1 atm or 
with a mixture of 75% H 2 and 25% CO at a flow rate of 5.3 1/h at 1 atm. 

The gases hydrogen (Hoekloos, purity > 99.9%), carbon monoxide 
(Hoekloos, purity > 99.5%) and helium (Hoekloos, purity > 99.95%) were puri-
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fied separately over a reduced copper catalyst (BASF, R3-11) and a molecular 
sieve (Union Carbide, 5 A) at room temperature. Using a Hersch cell an 
oxygen contamination in these gases of 5 ppm or more can be excluded. 

3. Results and discussion 

3.1. Investigation of the oxide in a used catalyst 

Fig. 2 shows Mossbauer spectra of the metallic iron catalyst after 24 h of 
Fischer-Tropsch synthesis recorded at several temperatures between 4.2 and 
77 K. The spectrum at 77 K can entirely be attributed to the carbide x-Fe 5C 2, 
in which three crystallographically different iron sites are present. Identifica
tion of the carbide by means of its Mossbauer parameters has been described 
previously In the spectra at temperatures of 40 K and below, additional 
broad lines appear at positions that coincide with the outermost lines of the 
hyperfine spectrum of iron (III) oxides. The lines are much too broad to be 
fitted with single Lorentzians and we attribute this broadening to the presence 
of a distribution in hyperfine fields H. 

Since the four inner lines of the Mossbauer spectrum of such oxides are 
hidden under the complex carbide spectrum, it is virtually impossible to derive 
the Mossbauer parameters of the oxide subspectrum in fig. 2. Fortunately 
knowledge of the shape of the two outermost lines is sufficient to calculate the 

i 1 r 
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—•> Doppler velocity ( m m / s ) 

F ig . 2. Mossbauer spectra of an iron catalyst after 24 h of F ischer-Tropsch reaction at 515 K 
( H 2 : C O : H e = 1 :1 :3 , 1 atm) followed by 1 h helium flushing at 625 K. Spectra were recorded at 
the indicated temperatures. 

distribution of hyperfine fields. This has been done for the spectrum at 4.2 K, 
requiring a high degree of smoothing in the distribution to avoid meaningless 
fluctuations. A value of 10 has been chosen for the smoothing parameter [2,3]. 
The result is given in fig. 3. The field values in the entire distribution are lower 
than 544 kOe, the value for bulk a-?e101 at 4.2 K. 

58 



300 400 500 600 

H (kOe) 

F ig . 3. Magnetic hyperfine field distribution of the oxide contribution in the spectrum at 4.2 K of 
fig. I. The field of a - F e 2 0 3 has been indicated for comparison. 

Hyperfine fields that are lower than those of the bulk material been 
observed earlier in small particles or in surface layers [4-6]. If we assume that 
the oxide in the catalyst sample belongs to small particles which behave 
superparamagnetically, then the disappearance of the magnetically split pat
tern could reflect the transition into a superparamagnetic phase. However, 
from a careful analysis of the spectra measured between 25 and 77 K it can be 
concluded that no superparamagnetic doublet is being formed. Moreover, if 
the superparamagnetic transition temperature were below 77 K, the particles 
would have to be smaller than 4nm in diameter [5], It seems very unlikely, 
however, that such small particles are present in catalysts which have been 
subjected to temperatures as high as 623 K. So we conclude that the oxide is 
located at the surface of the catalyst. 

More evidence for the presence of a surface oxide can be obtained by 
investigating its total resonant absorption. The absorption area-of the oxide 
subspectrum decreases with increasing temperature much more rapidly than 
the total spectrum (fig. 4) and hence the recoilless fraction of the former is 

3.0 

2.5 

total spectrum 

60 80 

T (K ) — * • 

Fig. 4. Absorption area of the spectra in fig. 2 as a function of temperature. 

considerably lower. Although the validity of the Debye model for atoms 
located at the surface can be questioned, the result that the recoilless fraction 
vanishes at temperatures exceeding 80 K can formally be translated into a 
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Debye temperature $ D. By doing so it appears that the iron ions in the oxide 
are characterized by 0D » 50 K. This is much lower than the reported values of 
6D for bulk a-Fe 20 3 and a-FeOOH (500 K.) [7] and for a-Fe (470 K.) [8] 
respectively. 

The low values of 8D and the recoilless fraction illustrate that the iron atoms 
belonging to the oxidized part of the catalyst are subjected to vibrational 
modes that are considerably softer than in iron oxide bulk materials. This is 
another indication that the iron oxide is indeed located at the surface of the 
catalyst. 

From the fact that the distribution of hyperfine fields extends to 540 kOe a 
surface composed of structures strongly resembling a-Fe203 is suggested, 
although structure like FeOOH and Fe 30 4 which have lower characteristic 
hyperfine fields cannot be excluded. 

It is interesting to compare the surface oxide on the catalyst, which has a 
carbide structure in its interior, with the surface of iron oxide crystallites. Van 
der Kraan [5,6] deposited a layer of a few angstrom a-Fe 20 3 enriched in the 
Mossbauer isotope 5 7Fe onto a-FejC^ crystallites with a mean diameter of 50 
nm, enabling the study of the surface layer with Mossbauer spectroscopy more 
specifically. The enriched surface layer showed the Morin transition, a mag
netic transition characteristic for a-Fe 20 3, which proves that the surface layers 
correspond to crystallographical a-Fe203. The enriched layers have a distribu
tion in hyperfine fields in the Mossbauer spectrum at 4.2 K, which ranges from 
440 ,to 544 kOe [6]. The same range is found in the distribution of hyperfine 
fields of an enriched surface layer on a-Fe 20 3 crystallites with a mean diameter 
of 7nm [6]. Although the major part of the distribution of hyperfine fields 
belonging to the surface oxide on the used catalyst (fig. 3) is within the same 
range, significantly lower values are also found. The latter might be attributed 
to either the presence of other oxides in the surface layers like FeOOH and 
Fe 30 4, or a mismatch of the surface layer to the underlying carbide structure. 

3.2. In situ experiments 

The precursor of our a-Fe catalyst consists of commercially available 
a-Fe2Os crystallites with a mean diameter of 50 nm. After reduction the 
catalyst was flushed with helium to remove all absorbed hydrogen. 

A Mossbauer spectrum of the reduced catalyst, taken in situ at 4.2 K is 
shown in fig. 5a. The spectrum is entirely due to a-Fe and there is no evidence 
for any contribution of an iron oxide. So we conclude that the reduction 

—-Doppler velocity (mm/s) 
Fig. 5. In situ Mossbauer spectra recorded at 4.2 K of (a) an iron catalyst after 2.5 h reduction in 
H 2 at 670 K, (b) a reduced catalyst after 3 h C O treatment at 500 K and (c) after 3 h treatment 
with 1 CO + 3 H 2 at 500 K. 
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Table 1 
Contributions to the spectra in fig. 5 

Catalyst treatment a-Fe Carbides Oxides 

Reduction 1(10% () 0 
C O , 500 K 85 = 5« 4 = 2 « 1 1 = 3 « 
C O + 3 H 2 , 500 K 84 ± 5 « 13 = 2% 3 = 2% 

conditions are adequate to reduce the whole catalyst, including its surface. 
When such a fully reduced catalyst is treated with a flow of pure CO at 

500 K during 3 h, the Mossbauer spectra at 300 and 77 K. show the presence of 
a-Fe and a small amount of carbide. However, when the spectrum is recorded 
at 4.2 K. an additional broad iron oxide spectrum appears as shown in fig. 5b. 
The contribution of the oxide subspectrum to the total spectrum is about 11% 
(table 1). The disappearance of the hyperfine-split oxide subspectrum between 
4.2 and 77 K is certainly not the result of a transition into a superparamagnetic 
doublet, since a doublet with such an intensity would have easily been detected 
in the Mbssbauer spectra taken in this temperature range. So the iron oxide 
spectrum is not due to small particles which behave superparamagnetically at 
77 K, but it is associated with the surface of the catalyst. 

The formation of this iron oxide cannot be attributed to the presence of 
5 ppm 0 2 in the feed gases. A rough estimate of the amount of iron oxide in 
the catalyst shows that it would have required an 0 2 concentration of at least 
150 ppm, if we assume that all the oxygen would react with the catalyst. The 
latter assumption is, of course, very unlikely in view of the construction of the 
reactor in fig. 1. Moreover 0 2 levels as high as 150 ppm can be excluded with 
certainty. So we conclude that surface iron oxide layers can be formed when 
CO is brought into contact with metallic iron at 500 K. 
When a mixture of 25% CO and 75% H 2 instead of pure CO is led over the 

reduced and helium flushed catalyst, considerably more carbide, but hardly 
any iron oxide is formed, as can be seen in the Mossbauer spectrum taken in 
situ at 4.2 K (fig. 5c). The contribution of the oxide subspctrum is small but 
detectable and it accounts for about 3% of the spectrum (table 1), while it is 
absent in the Mossbauer spectra at 77 and 300 K. 

DOPPLER VELOCITY (mm/t) 

F ig . 6. In situ Mossbauer spectrum recorded at 4.2 K of the used Fischer-Tropsch catalyst of fig. 2 
after reduction in hydrogen at 573 K for 2.6 h. 

Finally, the used catalyst of fig. 2 was reduced in H 2 and subsequently-
studied in situ with Mossbauer spectroscopy at 4.2 K. Reduction of this 
catalyst at 500 K for 3.7 h did not change the spectrum of fig. 2a much, and in 
particular the contribution of the oxide subspectrum remained unchanged. The 
spectrum after 2.6 h reduction at 573 K is shown in fig. 6. From comparing the 
spectra of figs. 2 and 6 it follows that part of the iron carbide has been reduced 
to a-Fe, while the contribution of the oxide subspectrum remained the same. 
Apparently iron oxides at the surface are more stable with respect to H 2 than 
iron carbide in the bulk. For completeness we note that reduction of the 
catalyst precursor in H 2 at 573 K occurred very slowly. 

The results of in situ Mossbauer experiments show that iron oxides can 
indeed be formed on the catalyst's surface in Fischer-Tropsch synthesis at 
500 K. Moreover, H 2 plays an important role. In its absence a considerable 
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quantity of surface oxide is found, while in the CO + 3 H 2 mixture only small 
amounts of oxide, just above the detection limit for the Mossbauer spectra, can 
be observed. 

The result that surface oxides are formed on iron catalysts which are 
exposed to pure CO is in agreement with the results of Jagannathan et al. [9], 
These authors used X-ray photo-electron spectroscopy to study the interaction 
of CO with polycrystalline iron foils. They found contributions of F e 2 + and 
Fe 3 + in the spectra of foils exposed to 103 L (= 10 ~ 3 Torrs) or more CO at 
300 and 400 K, while such contributions were absent in the spectra of the clean 
foils. Jagannathan et al- [9] conclude that after CO dissociation oxide layers 
grow on the surface, while carbon diffuses into the interior of the foil. 

The conclusion with respect to carbon diffusion may be correct at the low 
exposures used in Jagannathan's investigation [9], However, with CO pressures 
of 1 atm we found that the number of carbon atoms that diffused into the 
interior of the catalyst was substantially smaller than the number of oxygen 
atoms that reacted with iron to an oxide. Since oxygen and carbon atoms both 
arise from the dissociative adsorption of CO at the catalyst surface, at least one 
carbon atom must be present for every oxygen atom that reacts to an iron 
oxide. The contribution of iron carbide subspectra to the Mossbauer spectrum 
in fig. 5b is about 4%, whereas the contribution of the oxide subspectrum is 
about 11%. Taking the difference in the recoilless fraction into account, it 
means that a substantial fraction of carbon atoms must have remained at the 
surface of the catalyst. 

Also, Bonzel and Krebs [10] found small signals due to oxygen on the 
surface of iron during Fischer-Tropsch synthesis, by means of Auger electron 
spectroscopy. The authors mentioned the possibility that this oxygen is coordi
nated to carbon in oxygenated species, proposed as intermediates for the 
Fischer-Tropsch synthesis. Bonzel and Krebs [10] did not consider the pres
ence of iron oxides at the surface, but in view of the high hydrogen concentra
tions used by these authors, it seems not likely that much iron oxide can have 
been formed. Later Bonzel [11] suggested that absorbed water, condensed on 
the catalyst when it is cooled down to room temperature, could account for the 
oxygen contributions in the Auger spectra. 

In connection with our work we note that condensation of water plays no 
role in our investigation, since on cooling the catalyst down to room tempera
ture it is kept in flowing helium, which will remove all products present in the 
gas phase. 

Carburization proceeded faster in a mixture of CO + 3 H 2 than in pure CO. 
The same result has been obtained by Unmuth et al. [12] in isothermal 
carburization experiments with supported iron catalysts at 256°C. They con
cluded that H 2 facilitates both carbon deposition on and carbide formation in 
the catalysts. The results of Unmuth et al. [12] and Jagannathan et al. [9], and 
the results of the present investigation can be understood on the base of the 
following scheme of reactions that occur at the iron surface. 

In the absence of H 2: 
C O - C O * ^ C * + 0 * , (1) 
O* + CO* - CO,, (2) 
O* + Fe -» surface oxide, (3) 
C* + Fe -»carbide, (4) 
y C* -* inactive carbon. (5) 
In the presence of H 2 the following reactions should be added 
H 2 ^ H * - 2 H * , (6) 
2H* + 0 * ^ H 2 0 , (7) 
C*-r*H*-CH*. (8) 

From our results it follows that in the interaction of iron with pure CO at 
1 atm and 500 K, reaction (3) prevails over reaction (4), while at low CO 
exposures, such as 10" L, reactions (3) and (4) are about equally important [9]. 

We suggest that the presence of a considerable amount of surface oxide in 
the experiments at 1 atm CO pressure prevents the diffusion of carbon atoms 
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into the catalyst's interior and hence reaction (4) proceeds only slowly, so that 
a substantial fraction of the deposited C* remains at the surface of the catalyst. 
When H 2 is also present, reaction (7) is responsible for removing most of 

the O* and only a small amount of surface oxide can be formed. Carburization 
is hardly hindered by these oxides, and since reaction (4) is much faster than 
reactions (5) and (8), most of the C* will disappear from the surface into the 
bulk of the catalyst [13], 

A reaction between iron oxides and hydrogen to iron and water has not 
been included in the above scheme. The in situ Mossbauer experiments with a 
hydrogen-treated carbided catalyst which has an oxidized surface clearly 
showed that once a surface oxide has been formed, it cannot easily be reduced 
by hydrogen. 

An explanation concerning the choice of our catalyst may be appropriate. 
Although this investigation is aimed at the detection of surface phenomena, we 
used an unsupported catalyst with a low surface area instead of a high area 
supported iron catalyst. The reason for this somewhat surprising choice is that 
supported iron catalysts usually have reduction degrees less than 100%. In that 
case the Mossbauer spectra will contain contributions of oxidic iron, character
istic for the contact between the reduced iron and the support [14]. Since 
contributions of surface oxides to the Mossbauer spectra would coincide with 
the subspectra of the unreduced iron, it would make identification of the 
surface oxides very difficult. 

4. Conclusions 

(1) When an unsupported iron catalyst is exposed to oxygen-free synthesis 
gas at 500 K, iron oxides can be formed at the surface of the catalyst. In the 
absence of hydrogen substantially more oxide is formed than in its presence. 
The surface oxides, once formed, cannot be reduced by hydrogen at 500 or 
573 K. 

(2) The iron oxides at the surface are observed in Mossbauer spectra, when 
these are recorded at temperatures well below 77 K. The oxides are char
acterized by a broad distribution in hyperfine fields with fields up to 540 kOe 
and by low recoilless fractions, corresponding to a Debye temperature of about 
50 K. 
We believe that the present investigation illustrates the usefulness of in situ 

Mossbauer spectroscopy in the characterization of iron catalysts. This work 
also clearly demonstrates that catalyst characterization by means of Mossbauer 
spectroscopy should not be restricted to room or liquid nitrogen temperatures, 
since interesting details can become available between liquid nitrogen (77 K) 
and liquid helium temperature (4.2 K). 
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On the Time-Dependent Behavior of Iron Catalysts in 
F ischer -T ropsch Synthesis 

Among the metals that display activity 
for Fischer-Tropsch synthesis, iron seems 
to occupy a special place. Its activity in the 
synthesis is initially low and increases 
slowly to a maximum, while simultaneously 
iron carbides are formed (1-3) (Fig. la,b). 
Cobalt and nickel, on the other hand (Fig. 
lc), are active for the hydrocarbon forma
tion from the beginning of the process and 
although carbides of these metals exist, no 
bulk carbides are formed during the syn
thesis. A model aiming to explain the be
havior of iron in the Fischer-Tropsch (FT) 
process should also make clear why iron 
behaves differently from the other FT cata
lysts. Three explanations concerning iron 
during FT synthesis have been proposed in 
the literature. In this note we will discuss 
some experiments which in our opinion can 
discriminate between these explanations. 

First we will give a brief survey of t h % 
explanations, which for easy reference will 
be denoted as the "carbide model," the 
"competition model," and the "slow acti
vation model," respectively. 

In the carbide model iron is not active for 
FT synthesis and the real catalyst has an 
iron carbide bulk structure with active sites 
on its surface. This explanation is favoured 
by many authors (/, 2, 4), in particular by 
Raupp and Delgass (2). In a very elegant in 
situ Mossbauer experiment they noticed 
that the FT activity increased almost lin
early with the extent of carbidation. They 
suggest that this relationship is causal in the 
sense that the state of the bulk controls the 
number of active sites at the catalyst sur
face. 

In the competition model (3) iron atoms 
at the surface of the catalyst are seen as the 
active sites. After adsorption and dissocia
tion of CO and H, three reactions involving 

the surface carbidic C* are possible: 
C* + iron -» carbides, (i) 
C* + JCH* — CH*, (ii) 

C* + yC* —> inactive carbon. (iii) 
Reaction (i) implies bulk diffusion of carbon 
into metallic iron, and this process is 
known to occur very fast (£ a = 10-16 
kcal/mole). So in an early stage of the syn
thesis most of the carbon atoms are con
sumed by the carbidation reaction (i). 
When the bulk of the catalyst becomes 
more and more carbided, progressively 
more C* remains at the surface and be
comes available for either hydrocarbon 
synthesis (ii) or deactivation (iii). So the 
rate of reaction (ii) goes through a maxi
mum. The reactions compete as long as CO 
dissociation is slower than carbidation. 

In the slow activation model (3) CO ad
sorption and dissociation are faster than all 
subsequent reactions, so that sufficient car
bon is present on the surface to fulfill the 
demands of both bulk carbidation and hydro
carbon synthesis. Hence these processes 
are autonomous. Hydrogenation is believed 
to occur at surface complexes consisting of 
iron, carbon, and hydrogen atoms in a cer
tain configuration. The FT activity is ini
tially low because these complexes are 
thought to be formed at a low rate. In other 
words, the iron surface is slowly activated. 

The three models have in common that 
deactivation results from the blocking of 
catalytically active sites by inactive carbon 
and possibly also by hydrocarbons with 
high boiling points. 

A l l three models can account for the 
presence of at least three forms of carbon in 
the active iron catalyst, namely, bulk carbi
dic, inactive and surface carbidic carbon. 

38? 
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FIG. 1. F i s c h e r - T r o p s c h reaction rates over (a) s in
gle-phase iron (3) and (c) single-phase cobalt (15) 
( H , : C O : He = 1: 1: 3, 1 atm), and (b) relative concen
tration of a - F e during the synthesis as determined with 
Mossbauer spectroscopy (3). 

The presence of bulk-carbidic and inactive 
or free carbon in iron FT catalysts has al
ready been known for more than 30 years 
(5), but knowledge about the surface-carbi-
dic carbon has been obtained only recently 
with surface sensitive techniques (6). 

Although the models are obviously differ
ent, each of them can also account for the 
results in Fig. la,b. We will now cite some 
experiments which in our opinion can dis
criminate between the three explanations. 

the immediate formation of a large amount 
of methane is observed, the rate of which 
decreases rapidly to a "pseudo-constant" 
level. The authors interpret this as the rapid 
hydrogénation of surface carbon, interme
diate in the FT synthesis, followed by the 
much slower hydrogénation of bulk car
bides when the active carbon phase has 
disappeared. Raupp and Delgass (2) give a 
similar interpretation for their hydrogéna
tion experiments with fully carbided iron 
catalysts. 

In this way Matsumoto and Bennett (7) 
prepared a catalyst with a carbided bulk 
structure but a clean iron surface. This cat
alyst is immediately active in the FT syn
thesis and its activity shows a temporary 
overshoot compared to the steady-state ac
tivity in the standard experiment. 

The result that a clean iron surface with 
an underlying bulk carbidic structure is ini
tially active in FT synthesis is evidently in 
agreement with the carbide model since it 
will only take a very short time before the 
surface will be carbided. Also the competi
tion model allows for a satisfactory expla
nation of this experiment. In this model the 
clean iron surface is active for FT synthesis 
and since the bulk of the catalyst has al
ready been carbided all C* deposited from 
the synthesis gas remains at the surface to 
form either hydrocarbons or inactive car
bon. However, we believe that this experi
ment does not support the slow activation 
model, since on a clean iron surface the 
necessary iron carbon complexes are 
thought to be formed at a low rate and it is 
hard to imagine why the presence of an 
underlying carbide structure should have 
such a profound effect on the formation rate 
of these complexes. 

P R E C A R B I D E D C A T A L Y S T 

Matsumoto and Bennett (7) reported ex
tensive and very detailed FT experiments 
at 250°C with a commercial fused iron cata
lyst. When a carbided catalyst at steady-
state activity is subjected to pure hydrogen. 

P R E O X I D I Z E D C A T A L Y S T 

Dwyer and Somorjai (8) investigated the 
hydrogénation of CO over polycrystalline 
iron foils at 300°C and found the commonly 
observed activity pattern of iron. They oxi
dized one of the foils and observed a ten-
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fold increase in initial methanation rate 
compared to reduced iron foils. With Auger 
spectroscopy it is seen that about 25 min of 
synthesis are needed to remove all oxygen 
from the upper layers of the foil. During 
that time the preoxidized foil has already 
produced five times more methane than a 
reduced foil. Dwyer and Somorjai (8) con
clude that in the reducing atmosphere of 
CO + H 2 highly active iron atoms or clus
ters are formed at the surface and that these 
iron sites probably are the active centers 
for FT synthesis. 

The carbide model cannot explain this 
experiment. Irrespective of whether the re
duced or the unreduced iron atoms in the 
oxidized foil catalyze the rapid hydrogéna
tion, the active surface is certainly not the 
result of a bulk carbidic structure under
neath it. As it is hard to understand why the 
necessary iron-carbon complexes should 
be formed rapidly on freshly reduced iron 
atoms on an underlying oxide and only 
slowly on metallic iron itself, we believe 
that the slow activation model also fails 
here. The experiment is consistent with the 
competition model. Here the freshly re
duced iron atoms or clusters are active for 
the FT synthesis. Since diffusion of carbon 
into iron oxide does not take place and re
duction of iron oxide at 300°C occurs only 
slowly, almost all surface carbidic carbon is 
available for the FT reaction and a high 
activity is expected. 

I R O N - R U T H E N I U M A L L O Y C A T A L Y S T 

Ott, Fleisch, and Delgass (9, 10) re
ported FT experiments over FeRu alloys in 
a composition range where bulk carbides 
do not exist. Strong surface enrichment of 
iron occurs in these alloy catalysts. When 
used in FT synthesis at 573 and 617 K the 
catalysts show a high initial activity, which 
is found to increase with increasing iron 
content. This high initial activity, however, 
is followed by rapid deactivation. No car
bides are formed during the synthesis. 

We believe that this experiment clearly 
shows that iron in FeRu alloys can be ac

tive for FT synthesis without the presence 
of a bulk carbide structure in the catalyst; 
hence the experiment is not in agreement 
with the carbide model. Since the iron at 
the alloy catalyst surface shows a high ini
tial activity, the slow activation model also 
fails here. The FeRu experiments can, 
however, be easily understood in terms of 
the competition model. Here the iron atoms 
at the surface are active sites and carbon 
atoms deposited at these sites are available 
for FT synthesis and deactivation, since no 
bulk carbidation occurs. 

Recently it was found (//) that the iron 
nitride Fe,N is immediately active for Fis-
cher-Tropsch synthesis at 240°C, while the 
conversion of Fe,N into iron carbonitrides 
and carbides occurs on a much longer time 
scale, as was seen in Môssbauer experi
ments. Also, in this case a correlation be
tween a high initial activity and a low rate 
of carbon diffusion into the bulk of the cata
lyst is clearly observed, consistent with the 
competition model. 

D I S C U S S I O N 

We believe that the failure of the slow 
activation model and the carbide model in 
explaining respectively four and three of 
the four experiments referred to above, 
forms sufficient evidence to reject these 
models. The general tendency of the exper
iments is that when diffusion of carbon into 
the catalyst can be prohibited the FT rate 
starts at an initially high value. This is in 
agreement with the concept that iron itself 
is active for FT synthesis and that a compe
tition between carbidation (reaction (i)), hy
drogénation of surface carbon (reaction 
(ii)), and deactivation (reaction (iii)) gov
erns the rate of the FT synthesis, i.e., that 
the competition model, operates. 

The apparent linear relationship that 
Raupp and Delgass (2) found between ex
tent of carburization and FT activity has 
not been found by Amelse et al. (/) and 
Niemantsverdriet et at. ( i ) . They observed 
that their iron catalyst was at maximum 
activity significantly before all iron had 
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been converted into carbides. Vannice (12) 
reports that the CO + H 2 reaction is near 
first order in hydrogen and close to zero 
order in CO. These reaction orders are 
valid in a range of experimental conditions 
which include those of the three mentioned 
investigations (1-3). So the FT activity (ii) 
will be strongly dependent upon the hydro
gen partial pressure. Furthermore, the car-
bidation rate and hence the extent of carbi-
dation depend on the particle size, such 
that small particles carbide faster than 
larger particles (13). It is conceivable that 
combinations of particle size and H2/CO 
ratio exist that may result in a more or less 
parallel course of FT activity and extent of 
carburization, while other combinations do 
not. 

In order to explain why iron differs from 
cobalt and nickel in time dependent FT be
havior we will consider the activation ener
gies for carbon diffusion (14), which are 
10.5-16.5 kcal/mole for a-Fe, 33.0-34.8 
kcal/mole for N i and 34.7 kcal/mole for 
Co, and the activation energies for the FT 
reaction (12), 21.3 ± 0.9 kcal/mole for a-
Fe, 25.0 ± 1.2 kcal/mole for N i and 27.0 ± 
4.4 kcal/mole for Co. Since the exponential 
factors for both groups of reactions are 
equal within a factor of 40, a comparison of 
reaction rates based on activation energies 
alone is justified. 

In the case of iron the carbidation rate is 
higher than the FT rate (3), which results in 
carbon deficiency in the early stage of the 
synthesis. In the case of cobalt and nickel 
the rates of carbon diffusion into the cata
lyst are slower than in iron by a factor of 
105. So with cobalt and nickel catalysts the 
FT reaction rate will be much larger than 
the carbidation rate. Hence the difference 
between iron and the other FT catalysts can 
be understood in terms of the different rates 
of carbon diffusion into the metals. 

We therefore believe that the competi
tion model satisfies the requirements for
mulated in the introduction of this paper 
and that it accounts satisfactorily for the 
time-dependent behavior of iron-containing 
catalysts during Fischer-Tropsch syn
thesis. 
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7 Fe-MnO FISCHER-TROPSCH CATALYSTS FOR 

THE PRODUCTON OF LIGHT OLEFINS 

I n t r o d u c t i o n . 

One of the most p r o m i s i n g p o s s i b i l i t i e s f o r the F i s c h e r - T r o p s c h s y n t h e s i s 

may be the p r o d u c t i o n of l i g h t o l e f i n s , e t h y l e n e en p r o p y l e n e . Among the 

metals used as a c t i v e components i n F i s c h e r - T r o p s c h c a t a l y s t s , i r o n o f f e r s 

the b e s t p r o s p e c t s f o r a s y n t h e s i s y i e l d i n g a h i g h f r a c t i o n of l i g h t o l e f i n s . 

To achieve t h i s the i r o n has to be promoted i n a way such t h a t not o n l y the 

o l e f i n i c content of the products i s h i g h but a l s o the mean m o l e c u l a r weight 

i s low. I n h i s t h e s i s K i e f f e r ' reviewed the elements, mentioned i n the 

p a t e n t l i t e r a t u r e , which are b e l i e v e d t o promote i r o n i n the d e s i r e d way. 

I t seems tha t a number of t r a n s i t i o n m e t a l s i n the groups I V - V I I and some 

non metals l i k e sulphur and c h l o r i n e are the most i n t e r e s t i n g promoting 

elements to o b t a i n an o l e f i n s e l e c t i v e F i s c h e r - T r o p s c h c a t a l y s t . 

However, the a d d i t i o n of the r i g h t promotor i s not the o n l y p r e q u i s i t e 

to o b t a i n h i g h o l e f i n y i e l d s . A l s o the c h o i c e of the r e a c t i o n c o n d i t i o n s 
2 

can i n f l u e n c e the o l e f i n to p a r a f f i n r a t i o ' s g r e a t l y . Madon and T a y l o r 

showed t h a t , w i t h i n c e r t a i n l i m i t s of the parameters, the o l e f i n f r a c t i o n 

i n c r e a s e s w i t h i n c r e a s i n g space v e l o c i t y and w i t h d e c r e a s i n g H^/CO r a t i o , 

temperature and p r e s s u r e . 

V a r i o u s authors r e p o r t e d an i n c r e a s e d o l e f i n s e l e c t i v i t y f o r i r o n c a t a 

l y s t s which had been promoted w i t h manganese, a group V I I t r a n s i t i o n m e t a l . 
3 . K o l b e l et a l . prepared o l e f i n s e l e c t i v e i r o n c a t a l y s t s w i t h a v e r y h i g h 

manganese c o n t e n t , Fe : Mn = 1:9 (atomic r a t i o ) . The c a t a l y s t s were a c t i v a t e d 

w i t h carbon monoxide a t 513 K b e f o r e the s t a r t of the F i s c h e r - T r o p s c h 
4 

s y n t h e s i s . The o l e f i n s e l e c t i v e c a t a l y s t s developed by Bussemeier et a l . 

c o n t a i n e d i r o n and manganese i n a 1:1 atomic r a t i o . But a l s o s m a l l e r amounts 

of manganese are capable of i n c r e a s i n g the o l e f i n s e l e c t i v i t y , as Yang and 

Oblad^ r e p o r t e d f o r a c a t a l y s t w i t h a Fe:Mn atomic r a t i o of 20:1. The bene

f i c i a l e f f e c t of manganese f o r o l e f i n p r o d u c t i o n does not seem to be l i m i t e d 

to i r o n alone. B a r r a u l t e t . a l . r e p o r t e d t h a t when c o b a l t c a t a l y s t s are 

68 



promoted w i t h manganese and c h l o r i n e the r e a c t i o n r a t e decreases whereas the 

s e l e c t i v i t y i n l i g h t o l e f i n s i n c r e a s e s ; i n p a r t i c u l a r methane f o r m a t i o n i s 

s t r o n g l y i n h i b i t e d . 

R e c e n t l y v e r y p r o m i s i n g r e s u l t s have been o b t a i n e d w i t h z e o l i t e c a t a l y s t s . 

Rao and Gormley^ r e p o r t e d t h a t a c a t a l y s t c o n s i s t i n g of the m o l e c u l a r s i e v e 

s i l i c a l i t e which has been impregnated w i t h i r o n and promoted w i t h potassium 

has a h i g h s e l e c t i v i t y f o r the p r o d u c t i o n of C^-C^ o l e f i n s from s y n t h e s i s 
g 

gas. I n t h i s r e s p e c t F r a e n k e l and Gates o b t a i n e d s p e c t a c u l a r l y f a v o u r a b l e 

r e s u l t s w i t h a c a t a l y s t c o n s i s t i n g of z e o l i t e - e n c a p s u l a t e d c o b a l t c l u s t e r s . 

Under p r o p e r l y a d j u s t e d r e a c t i o n c o n d i t i o n s these shape s e l e c t i v e c a t a l y s t s 

c o n v e r t e d CO + to almost e x c l u s i v e l y propylene a t a s a t i s f a c t o r y a c t i v i t y 

and s t a b i l i t y . These r e s u l t s i l l u s t r a t e t h a t promotion by manganese i s c e r 

t a i n l y not the o n l y way to i n c r e a s e the p r o d u c t i o n of low o l e f i n s . 

T h i s chapter p r i m a r i l y d e a l s w i t h the Mossbauer spectroscopy of manganese 
promoted i r o n c a t a l y s t s , prepared by c o p r e c i p i t a t i o n i n a way s i m i l a r as has 

9 

been done b e f o r e w i t h an unpromoted a-Fe c a t a l y s t as d e s c r i b e d i n chapter 

t h r e e . An account which c o n c e n t r a t e s on the c a t a l y t i c aspects has been p u b l i s h e d 

elsewhere 

E x p e r i m e n t a l 

The Fe-MnO c a t a l y s t s were prepared by s l o w l y adding ammonium hy d r o x i d e 

(12% by wt, Merck P.A., 2.8 ml/min) to a s o l u t i o n (3 l i t e r ) of 0.25 mol/1 

i r o n ( I I I ) n i t r a t e (Merck P.A.) and 0.16 mol/1 manganese ( I I ) n i t r a t e ( R i e -

d e l P.A.), which was heated to 363 K. Ammonia a d d i t i o n was stopped when a pH 

of 8 was reached. The p r e c i n i t a t e was f i l t e r e d and washed w i t h 0.2 1 d i s t i l l 

ed water and subsequently d r i e d at 393 K f o r 24 hour and c a l c i n e d ' at 673 K 

f o r 1 hour. I n order t o i n v e s t i g a t e a p o s s i b l e r o l e of s t a r t i n g m a t e r i a l s , 

c a t a l y s t s were a l s o prepared by p r e c i p i t a t i o n from s o l u t i o n s of i r o n and 

manganese s u l p h a t e s , bromides and c h l o r i d e s . A sample of pure manganese oxide 

was o b t a i n e d by p r e c i p i t a t i o n from a s o l u t i o n of manganese ( I I ) n i t r a t e . 

The r e a c t o r system, the p u r i f i c a t i o n of the gases and the product a n a l y s i s 

have been d e s c r i b e d i n chapter t h r e e . R e d u c t i o n of the c a t a l y s t took p l a c e 
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i n f l o w i n g H 2 (6 1/h) at 623 K, 1 atm and f o r 16 hour. F i s c h e r - T r o p s c h syn

t h e s i s was c a r r i e d out w i t h 0.5 gram of c a t a l y s t i n a m i x t u r e of CO : : He = 

1 : 1 : 3 at a flow r a t e of 6 1/h at 1 atm. and at d i f f e r e n t i a l c o n v e r s i o n s 

below 5%. The c a t a l y t i c a c t i v i t y i s d e f i n e d as the number of mmol CO converted 

i n t o Cj through C^ hydrocarbons, per gram Fe per hour. 

X-ray d i f f r a c t i o n p a t t e r n s of the samples were taken on a P h i l i p s 

d i f f T a c t o m e t e r Pw 210700 w i t h Mn f i l t e r e d Fe Ka r a d i a t i o n . Mossbauer s p e c t r a 

were ob t a i n e d w i t h a spectrometer of the constant a c c e l e r a t i o n t y p e , u s i n g 

a source of ^ C o embedded i n a Rh-matrix. Isomer s h i f t s are g i v e n r e l a t i v e 

to the NBS standard sodium n i t r o p r u s s i d e (SNP or Na 2Fe(CN) 5.NO.2H,,0) a t room 

temperature, w h i l e h y p e r f i n e f i e l d s are c a l i b r a t e d a g a i n s t the 515 kOe 

f i e l d of a - F e ^ ^ at room temperature. 

R e s u l t s 

Unreduced catalysts 

F i g u r e 1 shows the Mossbauer s p e c t r a of the unreduced c a t a l y s t , o b t a i n e d 

from n i t r a t e s , recorded a t 4.2 K, 77 K and 295 K, r e s p e c t i v e l y . The spectrum 

o b t a i n e d at room temperature has been analy z e d w i t h the L o r e n t z i a n f i t t i n g 

p rocedure, the r e s u l t s are l i s t e d i n t a b l e I . 

The spectrum shows two components, l a b e l e d I and I I . Components I has the 

I.S. and e' of a-Fe„0_, but H (507 + 2 kOe) i s s i g n i f i c a n t l y lower than 
¿.5 e r r — ' 

the 515 kOe f i e l d of b u l k a - F e ^ ^ . The subspectrum of component I a t 295 K 

i n s l i g h t l y a s y m m e t r i c a l l y broadened towards lower h y p e r f i n e s p l i t t i n g s . T h i s 

broadening and the reduced v a l u e of i n d i c a t e t h a t a-Fe 20^ i s p r e s e n t i n 

s m a l l p a r t i c l e s , w i t h a d i s t r i b u t i o n i n p a r t i c l e s i z e . F o l l o w i n g Van der Kraan' 

a mean diameter of 230 +_ 20 X can be e s t i m a t e d f o r these a-Ye.^)^ p a r t i c l e s . 

Component I I shows a do u b l e t a t T = 295 K, but i s m a g n e t i c a l l y s p l i t a t 

T = 77 K and 4.2 K, w i t h a broad d i s t r i b u t i o n i n H^^. The average v a l u e of 

H at T = 77 K and 4.2 K, and a l s o the I.S. and AE„ a t T = 295 K, are e r f Q ' 

c h a r a c t e r i s t i c f o r s m a l l p a r t i c l e s a-FeOOH, w i t h a d i s t r i b u t i o n i n p a r t i c l e 

d i a m e t e r s . Based on the average h y p e r f i n e f i e l d and on the f a c t t h a t the 

superparamagnetic t r a n s i t i o n temperature i s lower than 295 K, i t can be 
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F i g . 1 ( l e f t ) Mossbauer s p e c t r a of the unreduced Fe-MnO c a t a l y s t 
recorded a t the temperatures i n d i c a t e d . 
F i g . 2 ( r i g h t ) Mossbauer s p e c t r a of the reduced Fe-MnO c a t a l y s t . 

concluded t h a t the p a r t i c l e diameter i s s m a l l e r than 85 X.'' I t should be 

noted t h a t e s t i m a t e s of p a r t i c l e diameters are presented under the assumption 

t h a t Van der Kraan's r e s u l t s , o b t a i n e d w i t h samples of s m a l l p a r t i c l e s a-Fe^O 

or a-FeOOH, ap p l y a l s o to the p r e s e n t l y i n v e s t i g a t e d samples, i n which a-Fe20. 

and a-FeOOH are pres e n t t o g e t h e r w i t h manganese o x i d e . 

Table I Mossbauer parameters a t 295 K of Fe-MnO c a t a l y s t s . 

Component I.S. ef f R e l a t i v e 

(mm/s) (mm/s) (mm/ s) (kOe) Area (%) 

be f o r e I .64+.03 - .09+.03 507+2 54 

r e d u c t i o n I I .59+.02 .67+.02 - - 46 

I .26+.03 - .00+.01 332+2 80 

a f t e r I I .48+.06 .55+.06 - - 7 

r e d u c t i o n I I I 1.35+.06 .63+.06 - - 13 
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A c c o r d i n g to the X-ray d i f f r a c t i o n p a t t e r n (not shown) the manganese oxide 

i s present as Mr^O^. 

Reduced c a t a l y s t s 

Mossbauer s p e c t r a of the c a t a l y s t s a f t e r r e d u c t i o n are shown i n f i g u r e 2. 

The spectrum o b t a i n e d at room temperature was analyzed w i t h the L o r e n t z i a n 

f i t t i n g procedure as a combination of a s e x t u p l e t , l a b e l e d as component I , 

and two d o u b l e t s , I I and I I I . See t a b l e I f o r r e s u l t s . Component I i s 

e a s i l y i d e n t i f i e d as a-Fe. The parameters of component I I are those of a 

paramagnetic Fe"^ compound, w h i l e the parameters of component I I I are more 

i n d i c a t i v e f o r F e ^ + , i n s p i t e of the f a c t t h a t AE^ i s r a t h e r s m a l l f o r a 

Fe^ compound. At temperatures of 77 K and 4.2 K components I I and I I I are 

m a g n e t i c a l l y s p l i t , each w i t h a d i s t r i b u t i o n i n h y p e r f i n e f i e l d s . E s t i m a t e d 

mean v a l u e s of f o r component I I are g i v e n i n t a b l e I I and these v a l u e s 

are a l s o i n d i c a t i v e t h a t I I i s a Fe"^+ compound. The subspectrum of component 

I I I i s v e r y broad and d i f f i c u l t to observe a t these low temperatures, so t h a t 

even a rough e s t i m a t i o n of i t s Mossbauer parameters seems h a r d l y warranted. 

The c o n t r i b u t i o n of a-Fe to the Mossbauer spectrum o b t a i n e d at T = 295 K i s 

(80 + 3)3», so i t can be concluded t h a t the main p a r t of the i r o n o x i d e t h a t 

was pre s e n t i n the p r e c i p i t a t e d c a t a l y s t has been reduced. 

Table I I Magnetic h y p e r f i n e f i e l d s H , i n the Fe-MnO c a t a l y s t s . 

Component T = 295 K 

H e f f (kOe) 

T = 77 K T = 4.2 K 

be f o r e I 507+2 530+2 537+2 

r e d u c t i o n I I - 470+5* 502+5* 

a f t e r I 332+2 339+2 341+2 

r e d u c t i o n I I _ • 495+5* 513+5* 

*: Average v a l u e of a d i s t r i b u t i o n i n H 
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51.6 

F i g . 3 X-ray d i f f r a c t i o n p a t t e r n s 
of a) a MnO r e f e r e n c e sample, b) a 
reduced Fe-MnO c a t a l y s t and c) the 
same c a t a l y s t a f t e r 16 h F i s c h e r -
Tropsch s y n t h e s i s a t 513 K. 

A sample c o n t a i n i n g o n l y Mn^O^ was reduced i n the same way as the o t h e r 

c a t a l y s t s . The X-ray d i f f r a c t i o n p a t t e r n of t h i s reduced sample i s shown i n 

f i g u r e 3a and the parameters agree w i t h those r e p o r t e d f o r MnO by Swanson 
1 2 

et a l . The X-ray d i f f r a c t i o n p a t t e r n of the reduced i r o n manganese 

c a t a l y s t i n f i g u r e 3b shows c l e a r l y the r e f l e c t i o n of a-Fe at 26 = 57° and 

two r e f l e c t i o n s due to the presence of MnO, but the d i f f r a c t i o n l i n e s are 

broader and they are s h i f t e d towards h i g h e r angles i n comparison w i t h the 

p a t t e r n of pure MnO i n f i g u r e 3a. R e f l e c t i o n s c o r r e s p o n d i n g w i t h the Fe^ 

and the F e 2 + phases which do appear i n the Mossbauer s p e c t r a , are not 

observed i n the X-ray p a t t e r n s . 

S i n c e the r e d u c t i o n c o n d i t i o n s are s u f f i c i e n t to convert pure a-Fe^O^ 

c o m p l e t e l y i n t o a-Fe, we suggest t h a t the presence of the unreduced i r o n 

compounds observed i n the Mossbauer s p e c t r a and the s h i f t e d MnO l i n e s 

i n the X-ray p a t t e r n s r e f l e c t the i n t e r a c t i o n between the MnO and the 

r e s t of the c a t a l y s t . 

Catalysts during Fiseher-Tropsch synthesis 

The behaviour of the Fe-MnO c a t a l y s t s d u r i n g F i s e h e r - T r o p s c h s y n t h e s i s 

at 513 K was s t u d i e d w i t h Mossbauer s p e c t r o s c o p y , f o l l o w i n g the same 
q 

procedure as d e s c r i b e d i n chapter 3 . S p e c t r a of c a t a l y s t s a f t e r d i f f e r e n t 
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p e r i o d s of s y n t h e s i s were recorded a f t e r quenching the r e a c t i o n i n h e l i u m 

and removing the c a t a l y s t from the r e a c t o r . For each experiment a f r e s h 

c a t a l y s t from the same batch of unreduced m a t e r i a l was used. D i f f e r e n c e s 

of maximal 10% were found i n the r e a c t i o n r a t e s a t c o r r e s p o n d i n g time 

i n t e r v a l s f o r the v a r i o u s experiments. Sin c e the product a n a l y s i s was 

acc u r a t e to w i t h i n 1% we b e l i e v e t h a t the observed d i f f e r e n c e s r e f l e c t 

u n c o n t r o l l e d v a r i a t i o n s i n the r e d u c t i o n p r o c e s s . The product d i s t r i b u t i o n s 

and the g e n e r a l shapes of the r e a c t i o n r a t e curves f o r the v a r i o u s e x p e r i 

ments were equal and hence we f e e l c o n f i d e n t t h a t the Mossbauer s p e c t r a of 

the c a t a l y s t a f t e r d i f f e r e n t p e r i o d s of s y n t h e s i s g i v e a r e l i a b l e p i c t u r e 

of the c a t a l y s t s behaviour d u r i n g the F i s c h e r - T r o p s c h process i n a way as 

has been shown b e f o r e w i t h pure a-Fe as the i n i t i a l c a t a l y s t . 

A r e p r e s e n t a t i v e curve of the r e a c t i o n r a t e as a f u n c t i o n of time i s 

g i v e n i n f i g u r e 4, i n which a l s o the co r r e s p o n d i n g s e l e c t i v i t i e s f o r the 

fo r m a t i o n of CH^, CjH^ and C^Hg are i n c l u d e d . T h i s time dependent a c t i v i t y 

p a t t e r n a t 513 K i s v e r y s i m i l a r to t h a t of an a-Fe c a t a l y s t , the r e a c t i o n 

r a t e i s i n i t i a l l y low, i n c r e a s e s to a maximum which i s reached a f t e r about 

1.5 hour, f o l l o w e d by a slow but steady d e a c t i v a t i o n . A l s o the s e l e c t i v i t y 

p a t t e r n of the Fe-MnO c a t a l y s t does not d i f f e r much from the one o b t a i n e d 

w i t h unpromoted i r o n . T h i s r e s u l t i s somewhat unexpected i n view of the 
4 .. 3 5 f i n d i n g s of Bussemeier et a l . , K o l b e l e t a l . and Yang and Oblad . The 

F i g . 4 The Fe-MnO c a t a l y s t i n the 
F i s c h e r - T r o p s c h s y n t h e s i s a t 513 K, 
a) the r e a c t i o n r a t e and b) the 
methane, ethane and et h y l e n e s e l e c 
t i v i t i e s 
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absence of any r e l a t i o n between the C^H^ s e l e c t i v i t y and the MnO content 

of the Fe-MnO c a t a l y s t ' ^ i s even more unexpected. When the s y n t h e s i s i s 

c a r r i e d out a t 623 K the C^H^ s e l e c t i v i t y decreases to a l e v e l below 10%. 

Mossbauer s p e c t r a of the c a t a l y s t a f t e r v a r i o u s p e r i o d s of F i s c h e r -

Tropsch s y n t h e s i s a t 513K are shown i n f i g u r e 5. The s p e c t r a were analy z e d 

by f i t t i n g a l i n e a r c ombination of base s p e c t r a to the measured s p e c t r a . 

The Mossbauer s p e c t r a t h a t were used as a base are the s i n g l e phase c a r b i d e 

s p e c t r a from chapter 3 , completed w i t h the s p e c t r a of a-Fe and the sub-

s p e c t r a of d o u b l e t s b e l o n g i n g to the unreduced i r o n phases i n the c a t a l y s t 

a f t e r r e d u c t i o n . R e s u l t s of t h i s a n a l y s i s are shown i n f i g u r e 6 

During the F i s c h e r - T r o p s c h r e a c t i o n a t 513 K, the a-Fe i s converted i n t o 

the c a r b i d e s e'-Fe- „C and y-Fe cC_. I n t h i s c o n v e r s i o n Fe C, which i s known 2.2 * 5 2 x 

from Mossbauer and X-ray i n v e s t i g a t i o n to r e p r e s e n t p o o r l y d e f i n e d s t r u c t u r e s 

between a-Fe and a r e a l c r y s t a l l o g r a p h i c c a r b i d e , appears as an i n t e r m e d i a t e . 

The s m a l l v a r i a t i o n s i n the s p e c t r a l c o n t r i b u t i o n s of the unreduced i r o n 

phases as shown i n F i g . 6 might r e f l e c t u n c o n t r o l l e d v a r i a t i o n s i n the 

r e d u c t i o n process p r i o r to the s y n t h e s i s . The r e s u l t s do not i n d i c a t e t h a t 
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a f u r t h e r macroscopic r e d u c t i o n or o x i d a t i o n of the c a t a l y s t occurs d u r i n g 

the s y n t h e s i s . T h i s c o n c l u s i o n i s i n agreement w i t h the X-ray d i f f r a c t i o n 

p a t t e r n i n f i g u r e 3c, where the MnO l i n e s show the same s h i f t compared to the 

p a t t e r n of pure MnO as i n the reduced c a t a l y s t s . The X-ray p a t t e r n i n f i g u r e 

3c f u r t h e r shows t h a t no m e t a l l i c i r o n i s d e t e c t a b l e a f t e r 16 hours of 

F i s c h e r - T r o p s c h s y n t h e s i s , which i s c o n s i s t e n t w i t h the Mossbauer r e s u l t s . 

For completeness we note t h a t no hydrocarbons are formed when the synthe

s i s gas i s l e d over the sample c o n s i s t i n g of pure MnO. 
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F i g . 6 R e a c t i o n r a t e (upper 
curve) and r e l a t i v e c o n t r i b u 
t i o n s o f the v a r i o u s i r o n 
phases to the Mossbauer spec
t r a o f Fe-MnO c a t a l y s t s i n 
the F i s c h e r - T r o p s c h s y n t h e s i s 
at 513 K. 

Influence catalyst preparation 

A c c o r d i n g to the pr e c e d i n g s e c t i o n the Fe-MnO c a t a l y s t p r e c i p a t e d from 

i r o n n i t r a t e and manganese n i t r a t e has the same F i s c h e r - T r o p s c h p r o p e r t i e s 

as unpromoted m e t a l l i c i r o n c a t a l y s t s . We s h a l l r e f e r to the Fe-MnO 

c a t a l y s t prepared from n i t r a t e s as the Fe-MnO stan d a r d c a t a l y s t . 

To i n v e s t i g a t e a p o s s i b l e i n f l u e n c e of the s t a r t i n g m a t e r i a l s Fe-MnO 

c a t a l y s t s were a l s o prepared from metal s a l t s o t h e r than n i t r a t e s . With 

these d i f f e r e n t l y prepared c a t a l y s t s t o t a l l y d i f f e r e n t s y n t h e s i s r e s u l t s 

were o b t a i n e d . With regard to t h i s p a r t of the i n v e s t i g a t i o n we w i l l 
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c o n f i n e o u r s e l v e s to a d e s c r i p t i o n t h a t i s i l l u s t r a t i v e r a t h e r than 

comprehensive. As s t a r t i n g m a t e r i a l s of i r o n and manganese s a l t s i n the 

p r e c i p i t a t i o n process sulphates, bromides, c h l o r i d e s and n i t r a t e s were 

chosen i n a number of combinations. 

Mossbauer s p e c t r a of the p r e c i p i t a t e s showed t h a t i r o n was mainly 

p r e s e n t as a-Fe^O^ and sometimes a l s o as a-FeOOH. The s p e c t r a of the 

reduced c a t a l y s t s were s i m i l a r to the spectrum of the reduced standard 

Fe-MnO c a t a l y s t i n f i g u r e 2a, a l t h o u g h the c o n t r i b u t i o n s of the F e ^ + and 

F e ^ + phases v a r i e d s l i g h t l y . The degrees of r e d u c t i o n were about the 

same as i n the standard c a t a l y s t s . 

The behaviour i n the F i s c h e r - T r o p s c h s y n t h e s i s d i f f e r e d from t h a t of 

the s t a n d a r d FeMnO c a t a l y s t s i n the f o l l o w i n g manner. 

a) The c a t a l y s t s were almost i n a c t i v e a t 513 K, the s y n t h e s i s temperature 

had to be r a i s e d to a t l e a s t 570 K and i n some cases even to 660 K 

befo r e any a c t i v i t y f o r hydrocarbon f o r m a t i o n c o u l d be d e t e c t e d . 

b) At these h i g h e r temperatures r e a c t i o n r a t e s s t a r t e d at a low l e v e l , 

i n c r e a s e d s l o w l y , reached a maximum a f t e r 1 to 4 hours and decreased 

o n l y s l i g h t l y t h e r e a f t e r . T h i s i n c o n t r a s t to a standard c a t a l y s t at 

623 K, which reached a v e r y h i g h maximum a c t i v i t y a l r e a d y a f t e r a few 

minutes and d e a c t i v a t e d d r a s t i c a l l y to a l e v e l of about 5% of the 

maximum r e a c t i o n r a t e w i t h i n s e v e r a l minutes. 

c) The e t h y l e n e s e l e c t i v i t i e s of these c a t a l y s t s were g e n e r a l l y between 

35 and 45%, much h i g h e r than the l e s s than 10% C^H^ v a l u e which was 

o b t a i n e d w i t h the standard Fe-MnO c a t a l y s t a t 623 K. 

These i n t e r e s t i n g d e v i a t i o n s are i l l u s t r a t e d i n t a b l e I I I i n which a 

r e p r e s e n t a t i v e s e l e c t i o n of the r e s u l t s i s g i v e n . In t h i s t a b l e the 

c a t a l y s t s p r o p e r t i e s i n the F i s c h e r - T r o p s c h s y n t h e s i s are c h a r a c t e r i z e d 

somewhat a r b i t r a r i l y by the maximum r e a c t i o n r a t e and the s e l e c t i v i t i e s 

f o r CH, and C„H, f o r m a t i o n . Some Mossbauer s p e c t r a of c a t a l y s t s a f t e r 4 2 4 

F i s c h e r - T r o p s c h s y n t h e s i s are shown i n f i g u r e 7. 

A c a t a l y s t p r e c i p i t a t e d from i r o n n i t r a t e and manganese bromide appeared 

r e a s o n a b l y a c t i v e a t 575 K w i t h a C„H, s e l e c t i v i t y of 35%. The Mossbauer 
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Table I I I I n f l u e n c e c a t a l y s t p r e p a r a t i o n on F i s c h e r - T r o p s c h a c t i v i t y 

s t a r t i n g m a t e r i a l s T r 
max 

s e l e c t i v i t i e s Mössbauer 

i r o n manganese K mol/gram.hr CH 4 C 2 H 4 s p e c t r a 

n i t r a t e n i t r a t e 513 1.62 35 20 5 

623 6.5 90 < 10 -

n i t r a t e bromide 573 0.85 20 35 7a 

n i t r a t e c h l o r i d e 623 0.5 30 45 -

s u l p h a t e c h l o r i d e 623 0.07 24 39 7b 

n i t r a t e s u l p h a t e 673 0.09 32 42 7c 

n i t r a t e * 
s u l p h a t e 573 2. 1 33 < 25 7d 

A f t e r thoroughly washing the p r e c i p i t a t e i n a S o x k l e t apparatus. 

spectrum of t h i s c a t a l y s t a f t e r 4 hours of F i s c h e r - T r o p s c h s y n t h e s i s at 
2+ 3+ 

573 K ( f i g . 7a)shows t h a t not o n l y a l l a-Fe but a l s o most of Fe and Fe 

phases have been converted i n t o i r o n c a r b i d e s . A p p a r e n t l y f u r t h e r r e d u c t i o n 

has o c c u r r e d d u r i n g the s y n t h e s i s at 573 K. 

The s y n t h e s i s temperature had to be r a i s e d to 623 K t o observe a 

reasonable a c t i v i t y w i t h a c a t a l y s t prepared from i r o n n i t r a t e and manganese 

c h l o r i d e . However, the c a t a l y s t had a v e r y f a v o u r a b l e C^U^ s e l e c t i v i t y of 

45%. F i g u r e 7b shows the Mossbauer spectrum of an almost i n a c t i v e c a t a l y s t , 

prepared from i r o n s u l p h a t e and manganese c h l o r i d e , a f t e r 7 hours F i s c h e r -

Tropsch s y n t h e s i s at 623 K. A r e l a t i v e l y s m a l l p a r t of the i r o n has been 
converted i n t o c a r b i d e s , which account f o r 20-25% of the spectrum i n 

2+ 3+ 

f i g . 7b. The Fe and Fe phases are s t i l l p r e s e n t . The carbon content 

of t h i s sample was determined s e p a r a t e l y and was 2.0% by weight w i t h 

r e s p e c t to i r o n . From p r e v i o u s work (chapter 3 ) we know t h a t t h i s carbon 

content would be about s u f f i c i e n t to account f o r the amount of c a r b i d e s 

formed. For comparison we note t h a t an a-Fe c a t a l y s t , prepared from i r o n 

n i t r a t e , c o n t a i n e d 27% carbon by weight under the same s y n t h e s i s c o n d i t i o n s I 
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S i n c e the Mossbauer s p e c t r a of these c a t a l y s t s prepared from c h l o r i d e s , 

bromides and s u l p h a t e s y i e l d no evidence t h a t the s t r u c t u r e of these 

c a t a l y s t s d i f f e r s from t h a t of the standard c a t a l y s t , i t seems p l a u s i b l e 

t h a t the anions used i n the p r e p a r a t i o n of the c a t a l y s t s are r e s p o n s i b l e 

f o r the d i f f e r e n t c a t a l y t i c p r o p e r t i e s . A p p a r e n t l y the c l e a n i n g procedure 

used a f t e r the p r e c i p i t a t i o n p r o c e s s , which y i e l d s a c t i v e Fe-MnO c a t a l y s t s 

when n i t r a t e s are the s t a r t i n g m a t e r i a l s , i s i n s u f f i c i e n t to remove anions 

l i k e c h l o r i d e s , bromides and s u l p h a t e s . T h i s h y p o t h e s i s o b t a i n s support 

from the f o l l o w i n g o b s e r v a t i o n . 

A p r e c i p i t a t e was made from i r o n n i t r a t e and manganese s u l p h a t e . P a r t of 

i t was washed i n the u s u a l way and y i e l d e d a h a r d l y a c t i v e c a t a l y s t ( t a b l e I I I ) 

which even c o n t a i n e d some a-Fe a f t e r 16 hours s y n t h e s i s a t 673 K ( f i g . 7 c ) . 

A 100% a-Fe c a t a l y s t would have been t o t a l l y converted i n t o c a r b i d e s w i t h i n 

a few minutes a t t h i s temperature. The ot h e r p a r t of the p r e c i p i t a t e was 

tho r o u g h l y washed w i t h d e s t i l l e d water i n a so c a l l e d S o x k l e t apparatus. 

T h i s procedure r e s u l t e d i n a c a t a l y s t w i t h a h i g h F i s c h e r - T r o p s c h a c t i v i t y 

a t 573 K and a C^H^ s e l e c t i v i t y of o n l y 25%. The Mossbauer spectrum ( f i g . 7d) 

a f t e r 16 hours of s y n t h e s i s shows t h a t a l l m e t a l l i c i r o n has been converted 
2+ 3+ 

i n t o c a r b i d e s . I t i s remarkable t h a t the Fe and Fe phases i d e n t i f i e d by 

the s t r o n g c e n t r a l peaks are s t i l l p r e s e n t i n the spectrum, w h i l e the con

t r i b u t i o n of these phases to the spectrum of f i g u r e 7a, a l s o a c a t a l y s t 

a f t e r s y n t h e s i s at 573 K, i s much s m a l l e r . 

Although the l a t t e r i s not y e t c l e a r , the behaviour of the v a r i o u s Fe-MnO 

c a t a l y s t s seems to be q u i t e w e l l - u n d e r s t o o d . The lower a c t i v i t i e s i n the 

F i s c h e r - T r o p s c h s y n t h e s i s , the h i g h e r e t h y l e n e s e l e c t i v i t i e s and the 

decreased c a r b u r i z a t i o n r a t e s observed w i t h the Fe-MnO c a t a l y s t s prepared 

from s u l p h a t e s , c h l o r i d e s and bromides are due the promoting and p o i s o n i n g 

e f f e c t of remaining a n i o n groups, among which e s p e c i a l l y the s u l p h a t e s 

appear f a v o r a b l e f o r C^H^ f o r m a t i o n , but f a t a l f o r the c a t a l y t i c a c t i v i t y . 

These r e s u l t s suggest t h a t i t should be p o s s i b l e to prepare o l e f i n s e l e c 

t i v e c a t a l y s t s by adding s u l p h a t e t o i r o n c a t a l y s t s i n a c o n t r o l l e d way. 
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F i g . 7 Room temperature Mossbauer 

s p e c t r a of Fe-MnO c a t a l y s t s p repared 

from d i f f e r e n t s t a r t i n g m a t e r i a l s a f 

t e r F i s c h e r - T r o D S c h s y n t h e s i s d u r i n g 

the time and at the temperature i n 

d i c a t e d i n the f i g u r e , 

a) c a t a l y s t n r e c i n i t a t e d from a s o l u 

t i o n of i r o n n i t r a t e and manganese 

bromide, b ) i r o n s u l p h a t e and manga

nese c h l o r i d e , c) i r o n n i t r a t e and 

manganese s u l p h a t e , d) as c) a f t e r 

t h o r o u g h l y washing of the p r e c i p i t a t e . 

Sulphur containing catalyst 

An unreduced standard c a t a l y s t was impregnated w i t h a s o l u t i o n of 

ammonium su l p h a t e i n water. A f t e r d r y i n g the c a t a l y s t c o n t a i n e d .005 mol % 

su l p h a t e r e l a t i v e to i r o n . The Mossbauer spectrum of t h i s " s u l p h a t e d " 

c a t a l y s t b e f o r e r e d u c t i o n was i d e n t i c a l to the spectrum of the standard 

c a t a l y s t . A f t e r r e d u c t i o n , however, the su l p h a t e d c a t a l y s t c o n t a i n e d l e s s 

a-Fe and more F e ^ + and F e ^ + than the reduced standard c a t a l y s t : the a-Fe 

c o n t r i b u t i o n to the Mossbauer spectrum of the former was 77% w h i l e i n the 

l a t t e r i t was 84%. 

The su l p h u r c o n t a i n i n g c a t a l y s t was not v e r y a c t i v e i n the F i s c h e r -

Tropsch s y n t h e s i s a t 513 K and moreover, i t s e t h y l e n e s e l e c t i v i t y was lower 
10 .. 

than t h a t of the standard c a t a l y s t . Mossbauer s p e c t r a of c a t a l y s t s a f t e r 

d i f f e r e n t p e r i o d s of F i s c h e r - T r o p s c h s y n t h e s i s (not shown) i n d i c a t e d the 

presence of v a r i o u s c a r b i d e s i n the same sequence as found i n the un-

sul p h a t e d c a t a l y s t . However, c o n t r a r y to the l a t t e r n e a r l y 10% of m e t a l l i c 

i r o n was even a f t e r 24 hours of F i s c h e r - T r o p s c h s y n t h e s i s a t 513 K not 

converted i n t o c a r b i d e s , ( F i g u r e 8 ) . P r o b a b l y the su l p h u r compounds b l o c k e d 

p a r t s of the s u r f a c e p r e v e n t i n g carbon to come i n t o c o n t a c t w i t h a-Fe, on 
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F i g . 8 R e l a t i v e c o n t r i b u t i o n of a-Fe 
to the M'ossbauer s p e c t r a of o) a Fe-MnO 
standard c a t a l y s t and A) a sul p h a t e d 
Fe-MnO c a t a l y s t , both d u r i n g F i s c h e r -
Tronsch s y n t h e s i s a t 513 K. 

which s u r f a c e CO and/or c o u l d have been adsorbed o t h e r w i s e . 

Although the s u l p h a t e d c a t a l y s t behaved p o o r l y i n the s y n t h e s i s at 513 K, 

i t turned out to be more a c t i v e and more s e l e c t i v e towards e t h y l e n e p r o d u c t i o n 

at 623 K, as can be seen i n f i g u r e 9. The d i f f e r e n c e w i t h the standard c a t a 

l y s t a t 623 K i s s t r i k i n g . The su l p h a t e d c a t a l y s t not on l y has a h i g h C^H^ 

s e l e c t i v i t y o f about 40%, i t a l s o s u f f e r s h a r d l y from d e a c t i v a t i o n . I n c o n t r a s t , 

the standard c a t a l y s t produced predominantly methane (80 - 90 %) and d e a c t i 

v a t e d s e v e r e l y i n a s h o r t time at t h i s temperature. U n f o r t u n a t e l y the mechani

c a l s t r e n g t h of the su l p h a t e d c a t a l y s t was much lower than t h a t of the s t a n 

dard c a t a l y s t . Large amounts of carbon were d e p o s i t e d on both c a t a l y s t s , but 

onl y the s u l p h a t e d c a t a l y s t r e a c t e d by b r e a k i n g up i n t o a f i n e powder, which 

plugged the r e a c t o r c o m p l e t e l y a f t e r F i s c h e r - T r o o s c h s y n t h e s i s d u r i n g 13 

time (hr) time (hr) 

F i g . 9 a) R e a c t i o n r a t e s of a Fe-MnO standard ( ) and s u l 
phated ( ) c a t a l y s t d u r i n g F i s c h e r - T r o p s c h s y n t h e s i s at 623 K 
and b) the methane, ethane and et h y l e n e s e l e c t i v i t i e s of the 
sul p h a t e d Fe-MnO c a t a l y s t at 623 K. 
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hours. Mossbauer s p e c t r a or X-ray p a t t e r n s of the su l p h a t e d c a t a l y s t a f t e r 

FT s y n t h e s i s a t 623 K have not been r e c o r d e d , but the s y n t h e s i s r e s u l t s 

are s u f f i c i e n t l y i n t e r e s t i n g to j u s t i f y doing t h i s i n the f u t u r e . 

In summary the r e s u l t s c l e a r l y demonstrate t h a t the promoting e f f e c t s of 

manganese oxide on i r o n i n c a t a l y s t s prepared by c o p r e c i p i t a t i o n i s n i h i l , 

a t l e a s t i n the case of F i s c h e r - T r o p s c h s y n t h e s i s a t 1 atm. p r e s s u r e . How

eve r , impregnation of an unreduced FeMnO c a t a l y s t w i t h ammonium s u l p h a t e 

r e s u l t s i n a c a t a l y s t t h a t i s h i g h l y e t h y l e n e s e l e c t i v e i n the F i s c h e r - T r o p s c h 

s y n t h e s i s at 623 K. 

D i s c u s s i o n and c o n c l u s i o n s . 

Mossbauer spectroscopy and X-ray d i f f r a c t i o n of the Fe-MnO c a t a l y s t i n 

unreduced form a t room temperature y i e l d e d t h a t i t i s a m i x t u r e of a-Fe^^i 

a-FeOOH and Mn^O^. Mossbauer s p e c t r a were a l s o taken a t both l i q u i d and 

He temperatures. The i r o n h y p e r f i n e f i e l d i n a-Fe20^ was s l i g h t l y reduced 

w i t h r e s p e c t to the f i e l d of b u l k a-Fe^O^ owing to s m a l l p a r t i c l e s i z e . 

By u s i n g van der Kraan's r e s u l t s ' ' an average diameter of 23 nm f o r the 

oi-Fe^O, p a r t i c l e s was e s t i m a t e d . The Mossbauer spectrum a t room temperature 

a l s o showed t h a t a-FeOOH i s superparamagnetic and from t h i s r e s u l t i t f o l 

lows t h a t the diameter of the p a r t i c l e s i s below 8.5 nm. As M^O^ d i f f r a c t i o n 

peaks c o u l d be observed i n the X-ray p a t t e r n , i t s p a r t i c l e s i z e w i l l p r o b a b l y 

not be s m a l l e r than about 5-10 nm. We emphasize here t h a t assignment of 

the superparamagnetic doublet i n the Mossbauer spectrum to a-FeOOH was 

o n l y p o s s i b l e a f t e r r e c o r d i n g the s p e c t r a at l i q u i d n i t r o g e n and l i q u i d 

h e l ium temperature. T h i s i l l u s t r a t e s a g a i n the u s e f u l n e s s of low 

temperature Mossbauer spectroscopy i n the c h a r a c t e r i z a t i o n of i r o n con

t a i n i n g c a t a l y s t s . 

The c o m p o s i t i o n of the reduced Fe-MnO c a t a l y s t i s r a t h e r complex. 

Both the Mossbauer s p e c t r a and the X-ray p a t t e r n i n d i c a t e t h a t most of 

the F e ^ + , p r e s e n t as a-Fe^O^ and a-FeOOH i n the p r e c i p i t a t e , has been 

reduced to a-Fe. Wn^O^ has been e n t i r e l y converted i n t o MnO, but the 

d i f f r a c t i o n l i n e s of t h i s MnO are broadened and s h i f t e d i n comparison 
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w i t h pure MnO ( f i g . 3 ) . The broadening of the X-ray p a t t e r n may i n d i c a t e 

t h a t MnO i n the reduced c a t a l y s t i s of a s m a l l s i z e . The Mossbauer s p e c t r a 

c o n t a i n e d s m a l l c o n t r i b u t i o n s of Fe"'* and F e ^ + . S i n c e pure a-Fe^O^ or 

a-FeOOH can e a s i l y be reduced to 100% a-Fe, i t must be concluded t h a t 

MnO i n the reduced c a t a l y s t i s r e s p o n s i b l e f o r the presence of unreduced 

The F e ^ + d o u b l e t i s i n f a c t the same do u b l e t as Huffman and P o d g u r s k i 

found i n a p a r t i a l l y o x i d i z e d Fe-Mn a l l o y and which they a t t r i b u t e d to 

(Fe-Mn)O p r e c i p i t a t e s of the w i i s t i t e type. 
14 . . 2+ Tops^e et a l . a l s o found c o n t r i b u t i o n s of an Fe compound i n the 

Mossbauer s p e c t r a of Fe/MgO c a t a l y s t s . He suggest t h a t the F e ^ + phase 

e s t a b l i s h e s the c o n t a c t between reduced i r o n and the MgO support. A s i m i l a r 

i n t e r a c t i o n might occur i n our Fe-MnO c a t a l y s t s . However, i n the Fe-MnO 

c a t a l y s t s a l s o Fe"^+ compounds are p r e s e n t . I t i s not c l e a r whether these 

F e ^ + compounds p l a y a r o l e i n the c o n t a c t between a-Fe and MnO or whether 

they r e p r e s e n t s m a l l i n c l u s i o n s of i r o n ( I I I ) o x i d e i n the MnO, which have 

not been s u b j e c t to r e d u c t i o n by hydrogen. We note t h a t the Mossbauer 

parameters of the Fe^ phase exclude the p o s s i b i l i t y t h a t Fe^ and MnO have 

formed compounds l i k e m a n g a n e s e f e r r i t e s or FeMnO^. 

F u r t h e r i n f o r m a t i o n about the c o m p o s i t i o n of the reduced Fe-MnO 

c a t a l y s t i s o b t a i n e d from i t s c a r b u r i z a t i o n b e h a v i o u r . Two important 

d i f f e r e n c e s between Fe-MnO and s i n g l e phase a-Fe c a t a l y s t s appeared: 

( i ) c a r b u r i z a t i o n proceeds at a c o n s i d e r a b l y lower r a t e i n Fe-MnO 

c a t a l y s t s and ( i i ) s i g n i f i c a n t l y more c'-Ye^ 2
C r e l a t i v e to X _ F e

5 C 2 

i s formed i n Fe-MnO c a t a l y s t s . S i n c e both c a t a l y s t s have been i n v e s t i g a t e d 

under e x a c t l y the same r e a c t i o n c o n d i t i o n s and s i n c e both c a t a l y s t s show 

s i m i l a r c a t a l y t i c a l p r o p e r t i e s and behave the same towards CO a d s o r p t i o n 

and d i s s o c i a t i o n the d i f f e r e n t c a r b u r i z a t i o n behaviour should e n t i r e l y 

be due to the c a t a l y s t i t s e l f . I t i s w e l l known tha t supported i r o n 
15 9 

c a t a l y s t s favour the f o r m a t i o n of e -Fe2 ' We t h e r e f o r e suggest 

tha t the i n c r e a s e d Z^-Ye^^, content of c a r b i d e d Fe-MnO c a t a l y s t s i n d i c a t e s 

t h a t a s u b s t a n t i a l f r a c t i o n of a-Fe i s i n Cl o s e c o n t a c t w i t h MnO. The 
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slower c a r b u r i z a t i o n r a t e of a-Fe con f i r m s t h a t i t i s i n f l u e n c e d by the 

presence of MnO. 

I n f i g . 10 a s c h e m a t i c a l p i c t u r e of the reduced c a t a l y s t i s g i v e n 

t h a t would make the d e s c r i p t i o n g i v e n above p l a u s i b l e . A c c o r d i n g to t h i s 

p r e s e n t a t i o n i t i s assumed t h a t the c l o s e c o n t a c t between a-Fe and MnO 
2+ . 

i s e s t a b l i s h e d v i a a phase which c o n t a i n s Fe , i n accordance w i t h 

Topsy4e's s u g g e s t i o n ' ^ f o r Fe/MgO c a t a l y s t s . 

The standard Fe-MnO c a t a l y s t behaved s i m i l a r as a m e t a l l i c i r o n 

c a t a l y s t i n the F i s c h e r - T r o p s c h s y n t h e s i s a t 513 K. T h i s holds w i t h r e g a r d 

to the c a t a l y t i c a l a c t i v i t y , the s e l e c t i v i t y , the d e a c t i v a t i o n and the 

u l t i m a t e c o n v e r s i o n of a l l m e t a l l i c i r o n i n t o c a r b i d e s . A l s o a t 623 K 

a c t i v i t y and s e l e c t i v i t y d i d not d i f f e r s i g n i f i c a n t l y from those of a-Fe 

at the same temperature. S e l e c t i v i t y p a t t e r n s d i d not change when the 

MnO content of the c a t a l y s t s was v a r i e d . I n f a c t these r e s u l t s mean t h a t , 

at l e a s t under the c o n d i t i o n s used i n t h i s i n v e s t i g a t i o n , MnO cannot be 

con s i d e r e d as a promotor, e i t h e r i n chemical or i n s t r u c t u r a l sense. 

In the c o n v e r s i o n of a-Fe i n t o c a r b i d e s the phase Fe^C appeared a g a i n 

as an i n t e r m e d i a t e . I n chapter 3 i t was suggested t h a t Fe C r e p r e s e n t s 

p o o r l y - d e f i n e d s t r u c t u r e s between m e t a l l i c i r o n and a r e a l c r y s t a l l o g r a p h i c 

c a r b i d e s t r u c t u r e . Fe C i s s t i l l p r e s e n t i n the Mossbauer spectrum taken 

a f t e r 12 hours of F i s c h e r - T r o p s c h s y n t h e s i s , i n d i c a t i n g t h a t a l s o the t r a n s 

f o r m a t i o n of Fe C i n t o the c a r b i d e s Y-Fe.C, and e'-Fe„ „C i s r e t a r d e d by the 

x A 5 2 2.2 J 

presence of MnO. 
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F i g u r e 6 shows t h a t the maximum c a t a l y t i c a c t i v i t y was reached s e v e r a l 

hours b e f o r e a l l i r o n had been c a r b i d e d . T h i s i s i n t e r e s t i n g w i t h r e s p e c t 

to the models which have been suggested i n the l i t e r a t u r e to e x p l a i n the 

c a r b u r i z a t i o n behaviour of i r o n i n the F i s c h e r - T r o p s c h s y n t h e s i s ' ^ . The 

r e s u l t t h a t the Fe-MnO c a t a l y s t i s a t maximum a c t i v i t y w h i l e i t s t i l l 

c o n t a i n s a s u b s t a n t i a l f r a c t i o n of m e t a l l i c i r o n i s c e r t a i n l y not i n 

agreement w i t h the so c a l l e d c a r b i d e model. T h i s model assumes a l i n e a r 

r e l a t i o n s h i p between the F i s c h e r - T r o p s c h a c t i v i t y and the e x t e n t of 

c a r b u r i z a t i o n i n the i n t e r i o r of the c a t a l y s t . A c c o r d i n g to the slow 

a c t i v a t i o n model on the c o n t r a r y c a r b u r i z a t i o n and F i s c h e r - T r o p s c h 

a c t i v i t y are u n r e l a t e d , w h i l e i n the c o m p e t i t i o n model the F i s c h e r - T r o p s c h 

r e a c t i o n competes w i t h the c a r b u r i z a t i o n process f o r carbon atoms 

d e p o s i t e d a t the s u r f a c e " \ The l a t t e r process i s b e l i e v e d to consume 

most of the carbon atoms i n the e a r l y stage of the s y n t h e s i s . The r e s u l t s 

i n f i g u r e 6 can be understood i n terms of b o t h the slow a c t i v a t i o n and the 

c o m p e t i t i o n model. For a d i s c u s s i o n of these models we r e f e r to chapter 6. 

The c h o i c e of the metal s a l t s to be used as s t a r t i n g m a t e r i a l s f o r 

the c a t a l y s t p r e p a r a t i o n had a profound e f f e c t on the c a t a l y t i c 

p r o p e r t i e s . Obviously, washing the p r e c i p i t a t e d c a t a l y s t w i t h d e s t i l l e d 

water d i d not s u f f i c i e n t l y remove the s u l p h a t e , bromide and c h l o r i d e 

anions. Although the c o n c e n t r a t i o n of anions a f t e r the washing procedure 

cannot be v e r y h i g h , the s y n t h e s i s behaviour of the c a t a l y s t was 

e n t i r e l y d i f f e r e n t from t h a t of the standard c a t a l y s t . T h e r e f o r e i t 

seems l i k e l y t h a t these c o n t a m i n a t i o n s have been c o n c e n t r a t e d on the 

s u r f a c e of the c a t a l y s t a t the end of the c a l c i n a t i o n or r e d u c t i o n stage. 

The s t a t e i n which the o r i g i n a l c h l o r i d e , b r o m i d e and su l p h a t e ions are 

prese n t at the s u r f a c e of the c a t a l y s t i s not known. K i e f f e r ' found t h a t 

s u l p h a t e ions i n h i s unreduced Fe-ZnO c a t a l y s t were reduced to s u l p h i d e s 

d u r i n g r e d u c t i o n or s y n t h e s i s . P r o b a b l y the same i s t r u e f o r sul p h a t e s i n 

our Fe-MnO c a t a l y s t s . 

I t i s remarkable t h a t i n a l l cases wherein a low s y n t h e s i s a c t i v i t y 

was observed, c a r b u r i z a t i o n proceeded s l o w l y too. I f we assume t h a t C*, 
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o r i g i n a t e d from d i s s o c i a t i o n of chemisorbed CO, i s a p r e c u r s o r f o r both 

F i s c h e r - T r o p s c h r e a c t i o n and c a r b u r i z a t i o n , than the contaminations would 

i n h i b i t the f o r m a t i o n of C*, p o s s i b l y by occupying s i t e s where CO can be 

adsorbed and/or d i s s o c i a t e d . But more ways are c o n c e i v a b l e i n which the 

f o r m a t i o n of C can be h i n d e r e d . As i t i s suggested by Unmuth et a l . ' ^ 

hydrogen has a p o s i t i v e e f f e c t on the f o r m a t i o n of C* by r a p i d l y removing 

0 , l e a v i n g behind empty s i t e s where a new CO m o l e c u l e can be adsorbed 

and d i s s o c i a t e d . For t h i s process a number of n e i g h b o u r i n g s i t e s are 

r e q u i r e d and the presence of c o n t a m i n a t i o n s on the s u r f a c e v e r y l i k e l y 

reduces the number of such ensembles g r e a t l y . 

D e s p i t e t h e i r d e a c t i v a t i n g e f f e c t , the i n f l u e n c e of anions l i k e 

s u l p h a t e s bromides and c h l o r i d e s on e t h y l e n e p r o d u c t i o n i s noteworthy, 

as C-H^ s e l e c t i v i t i e s up to 45% have been observed. A c c o r d i n g to 
18 1 

P i c h l e r , a - o l e f i n s are the primary products of the F i s c h e r - T r o p s c h 

s y n t h e s i s and p a r a f f i n s a r i s e by subsequent h y d r o g e n a t i o n of the 

o l e f i n s . A p p a r e n t l y the r o l e of those anions i n g e n e r a l , and of s u l p h a t e s 

i n p a r t i c u l a r i s to suppress the h y d r o g e n a t i o n c a p a b i l i t i e s of the c a t a l y s 

A more d e t a i l e d d i s c u s s i o n which i n c l u d e s k i n e t i c a s p e c t s has been 

g i v e n by Van D i j k et a l . ' ^ 

I n p r e g n a t i o n of unreduced Fe-MnO w i t h ammonium s u l p h a t e i n a 

c o n t r o l l e d way y i e l d e d a c a t a l y s t which seemed at f i r s t s i g h t an 

i d e a l c a t a l y s t i n the s y n t h e s i s at 625 K. I t had a h i g h C^H^ 

s e l e c t i v i t y and s u f f e r e d h a r d l y from d e a c t i v a t i o n d u r i n g the f i r s t 

12 hours. U n f o r t u n a t e l y t h i s c a t a l y s t powdered a f t e r 12 s u c c e s f u l 

hours of s y n t h e s i s such t h a t i t plugged the r e a c t o r c o m p l e t e l y . 

K i e f f e r ' observed s i m i l a r e f f e c t s on i n p r e g n a t i n g an Fe-ZnO 

c a t a l y s t w i t h d i f f e r e n t amounts of i r o n s u l p h a t e . He s t u d i e d the 

i n f l u e n c e of the s u l p h a t e content on a c t i v i t y , s e l e c t i v i t y and s t a b i l i t y , 

and found t h a t the mechanical s t r e n g t h depend c r i t i c a l l y on the amount 

of sulphate added. K i e f f e r o b t a i n e d an e x c e l l e n t c a t a l y s t when 32 mg 

Fe^CSO^)^ was added per gram of Fe-ZnO c a t a l y s t . The c a t a l y s t impreg

nated i n t h i s way combined a h i g h o l e f i n s e l e c t i v i t y w i t h a s a t i s f a c t o r y 
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a c t i v i t y and, even more important,, t h i s c a t a l y s t d i d not d e a c t i v a t e 

d u r i n g a p e r i o d of 2.5 months I K i e f f e r concludes t h a t s u l p h a t e a d d i t i o n 

i n h i b i t s the f o r m a t i o n of f r e e carbon at h i g h s y n t h e s i s temperatures 

w h i l e ZnO p l a y s a r o l e i n keeping the a c t i v i t y a t a reasonable l e v e l at 

these r a t h e r h i g h s u l p h a t e c o n c e n t r a t i o n s . 

Since a l r e a d y s m a l l amounts of s u l p h u r can r e s u l t i n an i n c r e a s e d 

o l e f i n s e l e c t i v i t y , i t i s not u n l i k e l y t h a t i n o t h e r i n v e s t i g a t i o n s 

r e p o r t e d i n the l i t e r a t u r e s m a l l unexpected s u l p h u r c o n t a m i n a t i o n s have 
6 19 . . p l a y e d a r o l e . For example B a r r a u l t et a l ' r e p o r t e d t h a t the a c t i v i t y 

and the s e l e c t i v i t y towards l i g h t o l e f i n s i n the F i s c h e r - T r o p s c h 

s y n t h e s i s over i r o n on alumina c a t a l y s t s can be i n f l u e n c e d by choosing 

a d i f f e r e n t alumina support. K i e f f e r ' o b t a i n e d s i m i l a r r e s u l t s . By 

a n a l y z i n g the chemical c o m p o s i t i o n of the supports he found t h a t the 

alumina supports which seemed to promote o l e f i n p r o d u c t i o n c o n t a i n e d s u l -
6 19 

phur co n t a m i n a t i o n s of about 2%. A l t h o u g h B a r r a u l t e t . a l . ' o b t a i n e d 

t h e i r . a l u m i n a support from d i f f e r e n t companies as K i e f f e r ' d i d , i t might 

be p o s s i b l e t h a t s u l p h u r c o n t a m i n a t i o n of the support accounts f o r the 
observed s e l e c t i v i t i e s i n the i n v e s t i g a t i o n of the former a u t h o r s . 

3,4,5 

A c c o r d i n g to v a r i o u s authors mentioned i n the i n t r o d u c t i o n , an 

i n c r e a s e d o l e f i n p r o d u c t i o n i n the F i s c h e r - T r o p s c h s y n t h e s i s at e l e v a t e d 

p r e s s u r e s occurs i n manganese promoted i r o n c a t a l y s t s . As these authors 

g i v e l i t t l e i n f o r m a t i o n about the p r e p a r a t i o n of t h e i r c a t a l y s t s , i t i s i n 

view of our p r e v i o u s d i s c u s s i o n not unreasonable to r a i s e the q u e s t i o n 

whether the r e s u l t s of t h e i r i n v e s t i g a t i o n have been i n f l u e n c e d by the pre

sence of a n i o n s , i n p a r t i c u l a r s u l p h a t e s . Another p o s s i b i l i t y would be 

t h a t the promoting e f f e c t of manganese oxide on i r o n c a t a l y s t s becomes 

apparent a t p r e s s u r e s h i g h e r than 1 a tin. o n l y . 
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GENERAL INTRODUCTION 

About ten years ago S i n f e l t ' d i s c o v e r e d t h a t a c a t a l y s t c o n s i s t i n g of s m a l l 

c r y s t a l l i t e s of two a l l o y e d metals on a support showed c a t a l y t i c p r o p e r t i e s 

which d i f f e r e d markedly from those of e i t h e r one of the c o n s t i t u e n t m e t a l s . I n 

s m a l l p a r t i c l e s w i t h dimensions s m a l l e r than about 4 nm a s u b s t a n t i a l f r a c 

t i o n of the atoms are i n or j u s t below the s u r f a c e . Since i t i s w e l l known 

t h a t the c o m p o s i t i o n of an a l l o y i n the s u r f a c e r e g i o n i n g e n e r a l does not 

2 . . . 
correspond to tha t of the b u l k , s m a l l p a r t i c l e a l l o y s can e x i s t w i t h a compo
s i t i o n t h a t does not occur i n b u l k a l l o y s . I n order to express t h i s f e a t u r e i n 
the nomenclature S i n f e l t proposed to use the name supported b i m e t a l l i c c l u s 
t e r r a t h e r than supported a l l o y . 

The i n s p i r i n g p r o s p e c t of a new c l a s s of c a t a l y s t s w i t h sometimes f a v o r a b l e 

s e l e c t i v i t y and s t a b i l i t y has s t i m u l a t e d r e s e a r c h on s e v e r a l combinations of 

met a l s . A v e r y i n t e r e s t i n g b i m e t a l l i c c l u s t e r c a t a l y s t i s F e R h / S i 0 2 . Bhasin 

et a l . ^ i n v e s t i g a t e d t h i s c a t a l y s t i n CO hydrogénation a t 300 °C and 68 atm. 
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Table I Product s e l e c t i v i t i e s i n F i s c h e r - T r o p s c h s y n t h e s i s 
over s i l i c a supported Fe, Kh and FeRh c a t a l y s t s . 

product F e / S i 0 2 F e R h / S i 0 2 R h / S i 0 2 

methane 25 37 52 
C^-C^ hydrocarbons 44 1 3 
methanol 9 35 0 
e t h a n o l 4 24 17 
o t h e r C 2 oxygenates 8 2 26 

R e a c t i o n c o n d i t i o n s 
Data from Bhasin e t 

573 K, 68 
a l . 3 

atm, CO/H 2 = 1 

They observed a product s e l e c t i v i t y t h a t d i f f e r e d s t r o n g l y from t h a t of e i t h e r 

supported i r o n or supported rhodium c a t a l y s t s , as i s i l l u s t r a t e d by t a b l e I . 

I n p a r t i c u l a r the f o r m a t i o n of 24% e t h a n o l , almost to the e x c l u s i o n of o t h e r 

C2-oxygenates i s i n t e r e s t i n g , because a d i r e c t r o u t e from s y n t h e s i s gas to an 
4 

added-value chemical as e t h a n o l might be a t t r a c t i v e on a commercial s c a l e . 

High p r e s s u r e appears to be a necessary c o n d i t i o n f o r the f o r m a t i o n of 

oxygenated p r o d u c t s . Aschenbeck"' showed t h a t i n F i s c h e r - T r o p s c h s y n t h e s i s at 

atmospheric p r e s s u r e on F e R h / S i 0 2 c a t a l y s t s methane i s by f a r the dominant 

p r o d u c t , whereas o n l y t r a c e s of oxygenated products are d e t e c t e d . 

Another example of s e l e c t i v i t y improvement by means of a l l o y i n g has been 

g i v e n by Vannice et a l . ^ . These authors observed a c o n s i d e r a b l y enhanced 

o l e f i n p r o d u c t i o n i n F i s c h e r - T r o p s c h s y n t h e s i s w i t h F e R u / S i 0 2 c a t a l y s t s , as 

compared w i t h Fe/SiO^ or Ru/SiO^ c a t a l y s t s . 

. I n v e s t i g a t i o n of the s t r u c t u r e of supported b i m e t a l l i c c l u s t e r s i s s e r i o u s 

l y h i n d e r e d by t h e i r s m a l l dimensions and by the presence of a support. B i 

m e t a l l i c c l u s t e r s are t h e r e f o r e not amenable to study by means of techniques 

t h a t have s u c c e s s f u l l y been a p p l i e d to unsupported a l l o y s , such as X-ray 

d i f f r a c t i o n , Secondary Ion Mass Spectroscopy and Auger E l e c t r o n Spectroscopy. 

In t h i s r e s p e c t i r o n c o n t a i n i n g c a t a l y s t s have the advantage t h a t they can be 

s t u d i e d w i t h Mossbauer spe c t r o s c o p y . 

T h i s technique has been s u c c e s s f u l l y a p p l i e d to a s c e r t a i n a l l o y i n g of i r o n 
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w i t h more noble group V I I I metals l i k e Ru, Pd and Pt i n b i m e t a l l i c supported 

c l u s t e r c a t a l y s t s . For reviews of such i n v e s t i g a t i o n s we r e f e r to the papers 
7 8 . 9 by Garten , G u c z i and Tops^e, Dumesic and Mprup . The shape of the Mossbauer 

s p e c t r a of the reduced b i m e t a l l i c c a t a l y s t s can v a r y w i t h c o m p o s i t i o n , p a r 

t i c l e s i z e and p r e t r e a t m e n t . In g e n e r a l , the s p e c t r a c o n s i s t of a s i n g l e peak 

w i t h an isomer s h i f t c o r r e s p o n d i n g to the b u l k a l l o y and a shoulder or 

r e s o l v e d peak at h i g h e r v e l o c i t y ( f i g u r e 1). The correspondence of t h i s peak 

w i t h some i r o n s p e c i e s a t the s u r f a c e i s demonstrated by the work of Garten 

et a l . ^ * ' ^ and of Aschenbeck^ on FeRu/SiO. c a t a l y s t s . These authors r e p o r t 

t h a t the r e l a t i v e i n t e n s i t y of t h i s peak i n the Mossbauer spectrum i n c r e a s e s 

w i t h i n c r e a s i n g m e tal d i s p e r s i o n as measured by c h e m i s o r p t i o n . P e r t u r b a t i o n 

of the s p e c t r a l parameters of the peak by NH^ at room temperature confirms 

the a c c e s s i b i l i t y of these i r o n s p e c i e s to the gas phase"'. Assignment of the 

s u r f a c e subspectrum to a c e r t a i n c h emical s t a t e r e q u i r e s a c l o s e r e x amination 

of i t s Mossbauer parameters. Two p o s s i b l e i n t e r p r e t a t i o n s of the s u r f a c e com

ponent i n the Mossbauer s p e c t r a can be e n v i s i o n e d . 1) I t i s a s i n g l e peak or 

an u n r e s o l v e d d o u b l e t , both w i t h an isomer s h i f t c h a r a c t e r i s t i c f o r h i g h s p i n 
2+ 

Fe compounds. 2) The peak observed i s the r i g h t h a l f of a quadrupole d o u b l e t , 

the l e f t h a l f of which c o i n c i d e s w i t h the b u l k a l l o y peak. The isomer s h i f t 

and quadrupole s p l i t t i n g of t h i s d o u b l e t correspond w i t h those of h i g h s p i n 

c 
o 

E 
to 
c 
o 

F i g . 1 T y p i c a l Mossbauer spectrum 
of a reduced supported b i m e t a l l i c 
c l u s t e r c a t a l y s t c o n s i s t i n g of i r o n 

I I I I I I and a more nobl e group V I I I m e t a l . 
-4 -2 0 2 4 

Doppler velocity (mm/s) 
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F e ^ + compounds, but Lam and G a r t e n ' " have suggested t h a t the d o u b l e t c o u l d 

a l s o correspond to z e r o - v a l e n t i r o n atoms at s i t e s of low symmetry on the 

s u r f a c e of the b i m e t a l l i c c l u s t e r s . They e x p l a i n the u n u s u a l l y h i g h isomer 

s h i f t f o r Fe°by i n v o k i n g a lower e l e c t r o n d e n s i t y at these s i t e s which they 

b e l i e v e c o u l d be the r e s u l t of a h i g h e r e f f e c t i v e atomic volume f o r i r o n a t 

the s u r f a c e . 

From the p o i n t of view of Mossbauer s p e c t r o s c o p y , assignment of the s u r f a c e 

s p e c i e s to Fe°or F e 2 + would, a l t h o u g h perhaps not i m p o s s i b l e , be r a t h e r 

u n u s u a l , and i n t e r p r e t a t i o n i n terms of a F e ^ + d o u b l e t would be p r e f e r r e d . 
2+ 

Frrm the v i e w p o i n t of c h e m i s t r y , however, Fe s p e c i e s are commonly encoun-
9 

t e r e d i n reduced supported i r o n c a t a l y s t s and i t i s not r e a d i l y apparent why 

an Fe"^ s u r f a c e phase would be s t a b i l i z e d under the i n f l u e n c e of a noble 

metal which i s known to f a c i l i t a t e the r e d u c t i o n of i r o n . Supported b i m e t a l l i c 
c l u s t e r s of FeRu, FePd and FePt which have been reduced and r e o x i d i z e d show 

3+ . 2+ 

r e d u c t i o n of Fe i n t o Fe on exposure of the c a t a l y s t s to at room tem

p e r a t u r e ^ '°>'3_ Garten has argued c o n v i n c i n g l y t h a t t h i s enhanced r e d u c i b i l -

i t y of i r o n i s d i r e c t evidence of the noble metal p r o x i m i t y and i n f l u e n c e ^ . 

Fe/SiC^, on the c o n t r a r y , does not reduce i n rl^ at room remperature. 
14 

For Ru and Fe l o a d i n g s below 1%, G u c z i et a l . have shown t h a t i r o n h e l p s 

to d i s p e r s e the ruthenium on s i l i c a but remains i n a h i g h l y i r r e d u c i b l e s t a t e . 

The Mossbauer s p e c t r a show l i t t l e evidence of any b u l k a l l o y f o r m a t i o n and 

l i q u i d h e l i u m s p e c t r a c o n f i r m t h a t most of the i r o n i s i n the f e r r i c s t a t e . 

G u c z i suggests t h a t a t low m etal l o a d i n g s i r o n oxide and ruthenium m u t u a l l y 
8 

impede s u r f a c e m o b i l i t y , thus s t a b i l i z i n g i s o l a t e d and i r r e d u c i b l e c l u s t e r s . 

Assignment of the h i g h v e l o c i t y s u r f a c e peak f o r FeRu/SiO,, a t Ru l o a d i n g s 

above 1%, where m e t a l l i c a l l o y p a r t i c l e s do form, has however not y e t been 

c l a r i f i e d . 

I t would be w o r t h w h i l e to i n v e s t i g a t e whether Mossbauer s p e c t r o s c o p y at 

c r y o g e n i c temperatures can improve our u n d e r s t a n d i n g of the o r i g i n of the h i g h 

v e l o c i t y peak, which i s r e f e r r e d to as the s u r f a c e component, s i n c e Mossbauer 

s p e c t r a at temperatures w e l l below room temperature g e n e r a l l y y i e l d more 

d e t a i l e d i n f o r m a t i o n . I n p a r t i c u l a r , when the s p e c t r a become m a g n e t i c a l l y 
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s p l i t a t low temperature, assigment to Fe + , Fe + or Fe° i s g r e a t l y f a c i l 

i t a t e d . Moreover, the r e c o i l l e s s f r a c t i o n as measured by the resonant 

a b s o r p t i o n a r e a , which i s low at room temperature due to the low e f f e c t i v e 

Debye temperatures p r e v a i l i n g f o r w e l l d i s p e r s e d p a r t i c l e s , i s s u b s t a n t i a l l y 

i n c r e a s e d a t c r y o g e n i c temperatures. One must, of course, c o o l the sample 

and measure s p e c t r a i n s i t u or under c o n t r o l l e d atmosphere so as to p r e s e r v e 

the c h e m i c a l s t a t e of the h i g h l y r e a c t i v e c a t a l y s t s u r f a c e . 

I n t h i s chapter we d e s c r i b e a Mössbauer i n v e s t i g a t i o n of FeRh/Si02 

c a t a l y s t s . F i r s t we w i l l use i n s i t u Mössbauer spectroscopy at room temperature 

to study the r e d u c t i o n of the c a t a l y s t s i n h^, and the e f f e c t s of CO chemi-

s o r p t i o n . Next we w i l l i n v e s t i g a t e whether i n s i t u Mössbauer spectroscopy at 

c r y o g e n i c temperatures can c o n t r i b u t e to our u n d e r s t a n d i n g of the reduced 

FeRh/SiO^ c a t a l y s t . F i n a l l y , we propose a model which, as we b e l i e v e , 

e x p l a i n s the e x p e r i m e n t a l r e s u l t s t h a t are p r e s e n t e d i n t h i s c h a p t e r . 

EXPERIMENTAL 

The F e R h / S i 0 o c a t a l y s t s were prepared by means of pore volume i m p r e g n a t i o n . 

Two d i f f e r e n t FeRh/SiO^ samples have been used. 

a) A s o l u t i o n of Fe(N0 3) .9H 20 (Merck P.A.) and R h C l 3 . x H 2 0 (39 wt%, D r i j f 

hout) i n H 20 was added dropwise to the s i l i c a support (Grace, S.P. 2-324.382, 
2 

290 m /g) which was s t i r r e d c o n t i n u o u s l y u n t i l the i n c i p i e n t wetness p o i n t 

was reached. F e R h / S i 0 2 c a t a l y s t s prepared i n t h i s way c o n t a i n e d 1.76 wt% of 

i r o n and 3.24 wt% of rhodium, which corresponds to an atomic r a t i o Fe:Rh= 1:1. 

A supported i r o n c a t a l y s t was prepared s i m i l a r l y and c o n t a i n e d 3.52 wt% of 

i r o n . The impregnated samples were d r i e d a t room temperature o v e r n i g h t , 

subsequently a t 335,355 and 375 K f o r 2 hour a t each temperature, and f i n a l l y 

at 395 K f o r 60 hours. These samples w i l l be r e f e r r e d to as " a i r - d r i e d " 

c a t a l y s t s . 
b) An aqueous s o l u t i o n of Fe(NC> 3) 3.9H 20 ( M a l l i n c k r o d t ) and R h C l 3 . x H 2 0 

(41 ..3 wt% Rh, Strem Chemicals) was added dropwise to the s i l i c a support 
2 

( C a b - 0 - S i l , EH-5, 310 m /g) under f r e q u e n t s t i r r i n g u n t i l the i n c i p i e n t 

wetness p o i n t was reached. T h i s c a t a l y s t a l s o c o n t a i n e d 1.76 wt% i r o n and 
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3.24 wt% rhodium, which corresponds to an atomic r a t i o F e : R h = l : l . The 

impregnated samples were d r i e d i n a i r at room temperature f o r a few days 

and next i n vacuum at room temperature f o r 1 hour and at 425 K f o r s e v e r a l 

hours. T h i s sample w i l l be r e f e r r e d to as "vacuum-dried" c a t a l y s t . 

A q u a n t i t y of 320 mg c a t a l y s t was pressed i n t o a wafer w i t h a diameter 

of 20 mm, u s i n g a p r e s s u r e of 100 atm. Mossbauer s p e c t r a at room temperature 

were recorded i n s i t u i n the r e a c t o r which has been d e s c r i b e d i n chapter f o u r . 

I n order to be a b l e to measure s p e c t r a of the c a t a l y s t i n s i t u a t c r y o g e n i c 

temperatures, an absorber h o l d e r was used t h a t can be c l o s e d vacuum-tight 

under the gas atmosphere i n s i d e the chemical r e a c t o r . The s e a l e d absorber 

h o l d e r can then be mounted i n a c r y o s t a t which pe r m i t s measurements of Moss

bauer s p e c t r a at room, l i q u i d n i t r o g e n and l i q u i d h e lium temperatures w i t h o u t 

changing the c o n f i g u r a t i o n of the absorber w i t h r e s p e c t to the gamma ra y beam. 

The l a t t e r i s r e q u i r e d when resonant a b s o r p t i o n areas of the s p e c t r a at d i f 

f e r e n t temperatures are to be compared. A d e t a i l e d d e s c r i p t i o n of t h i s r e a c t o r 

system has been g i v e n i n chapter f i v e . 

The gases H 2 (Hoekloos, p u r i t y >99.9%) and CO (Hoekloos, >99.5%) were each 

p u r i f i e d over a reduced copper c a t a l y s t (BASF, R3-11) and a m o l e c u l a r s i e v e 

(Union Carbide, 5A). R e d u c t i o n was c a r r i e d out i n an H„ f l o w of 6 1/h, 

F i s c h e r - T r o p s c h s y n t h e s i s i n a f l o w of 8 1/h s y n t h e s i s gas w i t h Hj/CO = 3.3. 

Mossbauer s p e c t r a were o b t a i n e d w i t h a c o n s t a n t a c c e l e r a t i o n spectrometer, 

which uses a "^Co i n Rh source. Isomer s h i f t s (I.S.) are r e p o r t e d r e l a t i v e t o 

the NBS standard sodium n i t r o p r u s s i d e (SNP) at room temperature. Magnetic 

h y p e r f i n e f i e l d s H are c a l i b r a t e d w i t h the 515 kOe h y p e r f i n e f i e l d of a-Fe^O^ 

at room temperature. Mossbauer s p e c t r a were f i t t e d by computer w i t h c a l c u l a t e d 

s u b s p e c t r a c o n s i s t i n g of L o r e n t z i a n shaped l i n e s by v a r y i n g the Mossbauer 

parameters i n a n o n - l i n e a r , i t e r a t i v e m i n i m i z a t i o n r o u t i n e . T h i s method has 

been d e s c r i b e d i n chapter two. 
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RESULTS AND DISCUSSION 

I) Behavior of FeRh/Si02 c a t a l y s t s upon r e d u c t i o n . 

In t h i s s e c t i o n we r e p o r t the use of i n s i t u Mossbauer spectroscopy a t room 

temperature to demonstrate c o c l u s t e r i n g of Fe and Rh i n the b i m e t a l l i c c a t a 

l y s t s and to i n v e s t i g a t e t h e i r b e h a v i o r upon r e d u c t i o n . The experiments were 

c a r r i e d out w i t h the a i r - d r i e d c a t a l y s t s . 

In o r d e r to demonstrate the i n f l u e n c e of c l u s t e r i n g of Rh w i t h Fe both the 

FeRh/SiO^ and the Fe/Si02 c a t a l y s t were reduced under the same c o n d i t i o n s . 

F i g u r e 2 shows the i n s i t u Mossbauer s p e c t r a of the two c a t a l y s t s a t room 

temperature i n d i f f e r e n t stages of r e d u c t i o n , as i n d i c a t e d i n the f i g u r e . The 

Mossbauer parameters of the b i m e t a l l i c c a t a l y s t are l i s t e d i n t a b l e I I (page 98). 

R e s u l t s 

FeRh/Si02 treatment Fe/Si02 

400K 
Ih. 

725 K 
6h. 

air 295 K 

h 1 1 1 1 

-K) -5 0 +5 +10 -HO - 5 0 +5 »10 
Doppler velocity (mm /s) Doppler velocity (mm/s) 

F i g . 2 In s i t u Mossbauer s p e c t r a at 295 K of F e R h / S i 0 2 and 
Fe/SiO^ c a t a l y s t s a f t e r the treatments i n d i c a t e d . The upper 
s p e c t r a correspond to the f r e s h c a t a l y s t s , a f t e r impregnation 
and d r y i n g . 
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The Mossbauer s p e c t r a of the impregnated and d r i e d FeRh/SiO^ and F e / S i C ^ 

c a t a l y s t s have i d e n t i c a l Mossbauer parameters, which correspond to F e ^ + i o n s . 

Upon s u b j e c t i n g the c a t a l y s t s to at v a r i o u s temperatures, however, c o n s i d 

e r a b l e d i f f e r e n c e s i n r e d u c t i o n b e h a v i o r between the b i m e t a l l i c and the mono

m e t a l l i c c a t a l y s t become apparent. 

The Mossbauer spectrum of the FeRh/SiO^ c a t a l y s t exposed to at room 

temperature ( f i g . 2) i n d i c a t e s t h a t a s i g n i f i c a n t f r a c t i o n of the o r i g i n a l 

F e ^ + ions has been converted i n t o F e ^ + i o n s , as shown by the peak a t about 
2+ 

2.5 mm/s. This h i g h v e l o c i t y peak i s a t t r i b u t e d to an Fe d o u b l e t , the low 

v e l o c i t y c o u n t e r p a r t of which i s hidden under the peaks i n the 0-1 mm/s r e g i o n 

of the spectrum. The quadrupole s p l i t t i n g of t h i s d o u b l e t i s about 2.4 mm/s. 

The c o r r e s p o n d i n g spectrum i n f i g u r e 2 shows t h a t the unreduced monometallic 

F e / S i 0 2 c a t a l y s t i s not a f f e c t e d by H 2 at 295 K. 

Reduction i n at 400 K f o r 1 hour induces f u r t h e r changes i n the 

spectrum of the b i m e t a l l i c c a t a l y s t , whereas t h a t of the monometallic 

c a t a l y s t remains u n a l t e r e d . The Mossbauer spectrum of the F e R h / S i 0 2 c a t a l y s t 

i s c h a r a c t e r i s t i c f o r a combination of t h r e e d o u b l e t s , two of which are 
2 + 3 + 

i d e n t i c a l to the Fe and Fe d o u b l e t s of the p r e v i o u s spectrum. The isomer 
s h i f t and quadrupole s p l i t t i n g of the t h i r d d o u b l e t are c h a r a c t e r i s t i c f o r 

2+ . 
Fe i n a symmetry lower than o c t a h e d r a l . 

The Mossbauer spectrum of the F e R h / S i 0 2 c a t a l y s t a f t e r r e d u c t i o n a t 725 K 

i n H 2 f o r 6 hours ( f i g u r e 2) c o n s i s t of a l a r g e s i n g l e l i n e and a s m a l l e r 

p o o r l y r e s o l v e d c o n t r i b u t i o n . A d d i t i o n a l r e d u c t i o n a t 725 K or at 775 K does 

not induce f u r t h e r changes i n the Mossbauer spectrum. The spectrum has been 

analy z e d w i t h the computer under the assumption t h a t the p o o r l y r e s o l v e d p a r t 

of the spectrum belongs to a d o u b l e t , the l e f t peak of which c o i n c i d e s w i t h 

the s i n g l e t . The isomer s h i f t of the s i n g l e t (0.36 mm/s) i s w i t h i n the range 

of those f o r FeRh b u l k a l l o y s ' . The Mossbauer parameters of the d o u b l e t are 

c h a r a c t e r i s t i c of h i g h s p i n F e ^ + i o n s . A more d e t a i l e d i n t e r p r e t a t i o n of t h i s 

spectrum w i l l be d i s c u s s e d l a t e r i n t h i s c h a p t e r . 

The Mossbauer spectrum of the monometallic F e / S i 0 2 c a t a l y s t a f t e r 6 hours 

of r e d u c t i o n i n H» a t 725 K shows t h a t o n l y a l i t t l e m a g n e t i c a l l y s p l i t ct-Fe 
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formed s i n c e the f o u r o u t e r l i n e s of i t s s e x t u p l e t are b a r e l y v i s i b l e . The 

magnetic h y p e r f i n e f i e l d of t h i s s e x t u p l e t i s about 324 kOe, which i s s m a l l e r 

than t h a t of b u l k a-Fe (330 kOe at 295 K ) . T h i s i n d i c a t e s t h a t the dimensions 

of the a-Fe p a r t i c l e s i n the reduced Fe/Si02 c a t a l y s t are v e r y s m a l l . 

Both the reduced FeRh/SiO„ and the Fe/Si0„ c a t a l y s t are not s t a b l e 

ex s i t u , show t h a t most of the reduced i r o n i s o x i d i z e d upon exposing the 

c a t a l y s t s to a i r a t room temperature. Th i s i s regarded as f u r t h e r evidence 

t h a t the p a r t i c l e s i n the reduced c a t a l y s t s are w e l l d i s p e r s e d . 

I t has been r e p o r t e d i n the l i t e r a t u r e t h a t r e o x i d i z e d supported FeRu, 

FePd and FePt c a t a l y s t s can p a r t i a l l y be reduced by a t room temper-

a t u r e ^ ' ^ ' ^ I n order to i n v e s t i g a t e whether FeRh/SiO^ c a t a l y s t s show the 

same b e h a v i o r , the sample t h a t was reduced at 725 K and subsequently exposed 

to a i r at room temperature ( f i g u r e 3, upper spectrum) was brought under an 

atmosphere a t room temperature. I t s Mossbauer spectrum ( f i g u r e 3) i n d i c a t e s 

t h a t a c o n s i d e r a b l e f r a c t i o n of the o r i g i n a l F e 3 + ions i s converted to F e ^ + 

i o n s upon c h e m i s o r p t i o n . Reexposure to a i r r e s t o r e d the o r i g i n a l spectrum 

of the c a t a l y s t under a i r . C h e m i s o r p t i o n of CO r e s u l t e d i n a c a t a l y s t t h a t i s 

w i t h r e s p e c t to oxygen. The lower two s p e c t r a of f i g u r e 2, recorded 

FeRh/S i0 2 

F i g . 3 Mossbauer s p e c t r a at 295 K of 
the a i r - e x n o s e d FeRh/Si02 c a t a l y s t a f 
t e r c h e m i s o r p t i o n of the i n d i c a t e d 
gases at 295 K. 

-10 -5 0 .5 .10 
Doppler velocity (mm/s) 
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Table I I Mossbauer parameters of FeRh/SiO a t 295 K. 

treatment i r o n I.S. Q.S. c o n t r i b u t i o n 
s t a t e (mm/s) (mm/s) X 

impregnation F e 3 + 0.64 0.74 100 
and d r y i n g 

H 295 K F e 2 + 1 .43 2.36 34 
F e 3 + 0.64 0.69 66 

H,, 400 K, 1 h F e 2 + 1 .44 2.08 28 H,, 400 K, 1 
F e 2 + 1 .35 0.90 34 
F e 3 + 0.64 0.65 38 

H 2, 725 K, 6 h Fe° 0.36 _ 66 
F e 3 + 0.64 0.81 34 

a i r , 295 K Fe° 0.34 - 10 
F e 3 + 0.64 0.92 90 

H 2, 295 K Fe° 
F e 2 + 

0.34 - 27 Fe° 
F e 2 + 1.44 2.04 30 
F e 3 + 0.63 0.72 43 

CO, 295 K Fe° 0.34 - 24 
F e 2 + 1 .44 2.24 49 
F e 3 + 0.63 0.65 27 

A c c u r a c i e s : I.S,5 0.04 mm/s, Q.S.: 0.08 mm/s, c o n t r i b u t i o n : 6%. 

even more reduced than t h a t a f t e r c h e m i s o r p t i o n of H 2 < The o r i g i n a l spectrum 

appeared a g a i n on exposing the c a t a l y s t t o a i r . 

The s p e c t r a of f i g u r e 3 were computer a n a l y z e d by making the assumption 

t h a t the spectrum of the c a t a l y s t under a i r c o n s i s t s of a s i n g l e t and a 

do u b l e t . The s p e c t r a of the c a t a l y s t under H 2 or CO were f i t t e d w i t h a 

combination of a s i n g l e t and two d o u b l e t s . See t a b l e I I f o r r e s u l t s . 

D i s c u s s i o n 

I f we compare the Mossbauer s p e c t r a of the b i m e t a l l i c F e R h / S i 0 2 and the 

monometallic F e / S i 0 2 c a t a l y s t a f t e r the d i f f e r e n t r e d u c t i o n s t e p s , i t i s c l e a r 

t h a t c l u s t e r i n g of Fe and Rh i n the former has indeed o c c u r r e d . The p a r t i a l 

r e d u c t i o n which takes p l a c e a t room temperature, and the r e l a t i v e l y l a r g e 
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c o n t r i b u t i o n of zero v a l e n t i r o n i n the Mossbauer spectrum of the c a t a l y s t 

a f t e r r e d u c t i o n a t 725 K both demonstrate t h a t the more noble m e t a l , rhodium, 

g r e a t l y enhances the r e d u c i b i l i t y of the l e s s noble m e t a l , i r o n . The isomer 

s h i f t of the s i n g l e peak i n the spectrum of FeRh/SiCL a f t e r r e d u c t i o n a t 

725 K i s w i t h i n the range observed i n the s i n g l e l i n e Mossbauer s p e c t r a of 

FeRh b u l k a l l o y s by Chao et a l ' ~ \ Furthermore, the absence of any c o n t r i b u t i o n 

due to e i t h e r a-Fe or F e 2 + i n t h i s spectrum i n d i c a t e s t h a t i s o l a t e d i r o n 

p a r t i c l e s were not formed. 

I n t e r e s t i n g changes occur i n the b i m e t a l l i c c a t a l y s t upon r e d u c t i o n i n 

a t r e l a t i v e l y low temperatures 295 and 400 K. exposure a t 295 K y i e l d s a 

f e r r o u s compound w i t h Mossbauer parameters which are i n the range of those f o r 
13 . 2 + i r o n ( I I ) b u l k compounds. Bartholomew and Boudart observed a s i m i l a r Fe 

d o u b l e t i n the Mossbauer spectrum of an o x i d i z e d FePt/C c a t a l y s t which was 

exposed to at room temperature. They suggest t h a t the F e 2 + d o u b l e t i s due 

to a Fe-OH s u r f a c e complex. F o l l o w i n g t h i s i n t e r p r e t a t i o n i t i s c o n c e i v a b l e 

t h a t the c o o r d i n a t i v e l y u n s a t u r a t e d F e 2 + i o n s , which are observed a f t e r 

r e d u c t i o n of the FeRh/Si02 c a t a l y s t i n a t 400 K, are formed from these 

Fe-OH s u r f a c e complexes by means of a r e a c t i o n between OH groups and the 

subsequent d e s o r p t i o n of water. 

C h e m i s o r p t i o n of H 2 and CO induced s i g n i f i c a n t changes i n the Mossbauer 

s p e c t r a of the a i r - e x p o s e d FeRh/SiO^ c a t a l y s t . The g r e a t s e n s i t i v i t y of the 

i r o n i o n s i n the c a t a l y s t to t h e i r gaseous environment i m p l i e s t h a t the degree 

of d i s p e r s i o n i n these c a t a l y s t s must be v e r y h i g h . As the r e c o i l l e s s 

f r a c t i o n of s u r f a c e and b u l k atoms may d i f f e r c o n s i d e r a b l y , the use of Moss

bauer s p e c t r a which are taken at 295 K o n l y cannot y i e l d a r e l i a b l e q u a n t i t a 

t i v e measure of the d i s p e r s i o n . 

The changes i n the Mossbauer s p e c t r a which are the r e s u l t of chemisorbing 

a r e d u c i n g gas l i k e H^ or CO on the one hand, and 0^ on the o t h e r hand are 

e n t i r e l y r e v e r s i b l e . T h i s r e v e r s i b i l i t y appears to be c h a r a c t e r i s t i c f o r 

supported b i m e t a l l i c c l u s t e r s of i r o n and a more noble group V I I I m e t a l ^ ' ^ ' 

We f u r t h e r note t h a t CO c h e m i s o r p t i o n c o n v e r t s s u b s t a n t i a l l y more F e ^ + i n t o 
2+ . . . Fe ions than does H. c h e m i s o r p t i o n . I n the next s e c t i o n we w i l l show t h a t 
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t h i s p r o p e r t y can be used to o b t a i n s t r u c t u r a l i n f o r m a t i o n on b i m e t a l l i c 

F e R h / S i 0 2 c a t a l y s t s . 

I I ) FeRh/SiO^ a f t e r F i s c h e r - T r o p s c h s y n t h e s i s and CO c h e m i s o r p t i o n . 

I n t h i s s e c t i o n we d e s c r i b e Mossbauer s p e c t r a a t room temperature of an 

i n i t i a l l y unreduced FeRh/SiO^^ c a t a l y s t a f t e r v a r i o u s t r e a t m e n t s : r e d u c t i o n 

at 725 K, F i s c h e r - T r o p s c h s y n t h e s i s a t 525 K, and c h e m i s o r p t i o n of CO on the 

reduced and a i r - e x p o s e d c a t a l y s t a t 295 K. A l l experiments were c a r r i e d out 

w i t h the vacuumdried FeRh/Si02 c a t a l y s t , i n the Mossbauer i n s i t u r e a c t o r 

which has been d e s c r i b e d i n chapter f o u r . 

S 106- \ 

-10 -5 0 5 10 
Doppter Velocity (mm/s) 

F i g . 4 Room temperature Mossbauer s p e c t r a 
of the vacuum-dried FeRh/SiO,, c a t a l y s t a f 
t e r a s e r i e s of subsequent t r e a t m e n t s : a) 
impregnation and d r y i n g , b) r e d u c t i o n 
at 725 K, c) F i s c h e r - T r o p s c h s y n t h e s i s a t 
525 K and d) exposure t o a i r a t 295 K. 

R e s u l t s 

The Mossbauer spectrum of the c a t a l y s t a f t e r i m pregnation and d r y i n g i n 

vacuum ( f i g . 4a) c o n s i s t s of a dou b l e t w i t h parameters ( t a b l e I I I ) 

c h a r a c t e r i s t i c f o r F e ^ + . The c a t a l y s t was reduced i n a t 400 K f o r 1 hour 

and a t 725 K f o r 6 hours. I t s Mossbauer spectrum i s shown i n f i g u r e 4b. T h i s 

spectrum was analyzed as a combination of a s i n g l e l i n e which corresponds to 

zero v a l e n t i r o n i n a FeRh a l l o y , and a dou b l e t w i t h parameters t h a t are 

c h a r a c t e r i s t i c f o r a F e ^ + phase. I n the d i s c u s s i o n h e r e a f t e r we w i l l show 

t h a t t h i s i n t e r p r e t a t i o n i s supported by the CO c h e m i s o r p t i o n experiments 

which w i l l be d e s c r i b e d below. We note t h a t the t o t a l resonant a b s o r p t i o n i n 
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Table I I I Mos sbauer parameters of the s p e c t r a i n f i g u r e 4. 

treatment i r o n I.S. Q.S. A 
s t a t e (mm/s) (mm/s) ( a.u.) 

impregnation F e 3 + 0.68 0.77 0. 40 + 0.02 
and d r y i n g 

H„, 725 K Fe° 0.38 - 0 22 + 0.02 
z F e 3 + 0.70 1 .00 0. 58 + 0.05 

FTS, 525 K Fe° 0.38 - 0. 31 + 0.03 

F e 2 + 1.51 1 .72 0. 17 + 0.02 
F e 3 + 0.70 0.97 0. 35 + 0.03 

a i r , 295 K Fe° 0.37 - 0. 13 + 0.02 
F e 3 + 0.65 1 .00 0 75 + 0.08 

A : resonant a b s o r p t i o n a r e a ; FTS : F i s c h e r - T r o p s c h s y n t h e s i s 
A c c u r a c i e s : I.S.: 0.04 mm/s, Q.S.: 0.08 mm/s. 

the spectrum of the reduced c a t a l y s t i s l a r g e r than t h a t of the unreduced 

c a t a l y s t . 

The Mossbauer spectrum of the c a t a l y s t a f t e r 4 hours of F i s c h e r - T r o p s c h 

s y n t h e s i s a t 525 K i n s y n t h e s i s gas w i t h H2/CO=3.3, i s shown i n f i g u r e 4c. 

Th i s spectrum c o n t a i n s a broad peak a t about 2.5 mm/s, which we a t t r i b u t e t 
2+ 

the h i g h v e l o c i t y p a r t of a Fe d o u b l e t . The low v e l o c i t y peak of t h i s 

0.75 
3 
a 

.2 0.50 

^ 0.25 • c 

o.oo-i 

unreduced 

FeRh / S i 0 2 

reduced after FT ex situ 

Fe* Fe3* Fe° Fe^F^Fe 0 Fe 3 + F<P 

F i g . 5 Composition of the Mossbauer s p e c t r a i n f i g u r e 4. 
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d o u b l e t f a l l s i n the 0 - 1 mm/s r e g i o n of the spectrum. T h i s spectrum was 
3+ 2+ 

analyz e d as a combination of two d o u b l e t s and a s i n g l e t , due to Fe , Fe 

and Fe° r e s p e c t i v e l y . I t was assumed t h a t the isomer s h i f t s of the F e ^ + d o u b l e t 

and the Fe° s i n g l e t were the same as i n the spectrum of the reduced c a t a l y s t . 

The Mossbauer parameters are g i v e n i n t a b l e I I I . I t i s seen t h a t the F e 2 + 

phase has been formed a t the expense of the F e ^ + phase i n the reduced c a t a l y s t . 

The ex s i t u spectrum of the c a t a l y s t a f t e r F i s c h e r - T r o p s c h s y n t h e s i s ( f i g . 4 d ) 

c o u l d e a s i l y be anal y z e d as the combination of a do u b l e t f o r F e ^ + and a s m a l l 

c o n t r i b u t i o n of a s i n g l e t f o r the FeRh a l l o y . 

The resonant a b s o r p t i o n areas of the d i f f e r e n t i r o n s t a t e s i n the s p e c t r a 

of f i g u r e 4 are d i s p l a y e d as histograms i n f i g u r e 5. T h i s f i g u r e c l e a r l y 

demonstrates the t r a n s f o r m a t i o n s between the v a r i o u s i r o n s t a t e s which r e s u l t 

from the d i f f e r e n t t reatments. 

A f r e s h FeRh/SiO^ c a t a l y s t (from a new batch) was reduced i n a t 400 K 

f o r 1 hour and at 725 K f o r 3 hours. I t s Mossbauer spectrum i s shown i n f i g u r e 

5a, the cor r e s p o n d i n g parameters are l i s t e d i n t a b l e IV. The spectrum of t h i s 

c a t a l y s t a f t e r CO c h e m i s o r p t i o n a t 295 K ( f i g . 6b) shows a c o n t r i b u t i o n of a 
2+ . . . Fe d o u b l e t . In the computer a n a l y s i s of t h i s spectrum i t was assumed t h a t 

the Fe° and F e ^ + s u b s p e c t r a have the same isomer s h i f t as i n the reduced 

F i g . 6 Room temoerature Mossbauer s p e c t r a 
of the vacuum-dried FeRh/SiO^ c a t a l y s t a f 
t e r a s e r i e s of c o n s e c u t i v e t r e a t m e n t s : a) 
H2 r e d u c t i o n at 725 K, b) CO c h e m i s o r p t i o n 
at 295 K, c) exposure to a i r a t 295 K and 
d) CO c h e m i s o r p t i o n a t 295 K. 
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2+ c a t a l y s t . The resonant a b s o r p t i o n areas i n d i c a t e t h a t the Fe phase has been 

formed at the expense of the F e 3 + phase i n the reduced c a t a l y s t . Exposure of 

the c a t a l y s t to a i r r e s u l t e d i n spectrum 6c, which was analyzed as the combi

n a t i o n of a doublet and a s i n g l e t c o r r e s p o n d i n g to F e 3 + and Fe° r e s p e c t i v e l y . 

F i g u r e 6d shows the spectrum of the a i r - e x p o s e d c a t a l y s t a f t e r CO chemi-

s o r p t i o n a t 295 K. T h i s spectrum c o n t a i n s a l a r g e c o n t r i b u t i o n of F e 2 + . The 

computer a n a l y s i s was made under the assumption t h a t the Fe° and F e 3 + compo

nent have the same isomer s h i f t as i n the spectrum of the a i r - e x p o s e d 

c a t a l y s t , see t a b l e IV f o r r e s u l t s . F i g u r e 7 shows the c o m p o s i t i o n of the 

Mossbauer s p e c t r a i n f i g u r e 6. 

D i s c u s s i o n 

The Mossbauer spectrum of the reduced FeRh/SiO,, c a t a l y s t ( f i g . 4b) i s v e r y 

s i m i l a r to the s p e c t r a t h a t are commonly encountered w i t h supported b i m e t a l l i c 

c l u s t e r s of i r o n and a more noble group V I I I m e t a l , as shown i n f i g u r e 1. I f 

we compare the Mossbauer s p e c t r a of the reduced FeRh/SiO,, c a t a l y s t t h a t was 

d r i e d i n a i r ( f i g . 2) w i t h t h a t of the c a t a l y s t d r i e d i n vacuum ( f i g . 4b) i t 

i s seen t h a t the former showed a s m a l l e r s p e c t r a l c o n t r i b u t i o n of the h i g h 

v e l o c i t y or s u r f a c e peak. S i n c e the t o t a l metal l o a d i n g (5% by w e i g h t ) , the 
2 

Fe:Rh r a t i o (1:1) and the s u r f a c e a r e a of the support (300 m /g) are the same 

f o r both c a t a l y s t s , we conclude t h a t the d i f f e r e n c e between the two F e R h / S i 0 2 

3 

c 
.2 
•B. 

0.50 

° 0.25 
c 
o 
S 000 

FeRh / S i 0 2 

reduced exposed to air 

H2 CO air CO 

Fe 3* Fe° Fe^Fe^e Fe 3* Fe° Fe3*Fe2*Fe° 

F i g . 7 Composition of the Mossbauer s p e c t r a i n f i g u r e 6. 
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Table IV Moss bauer parameters of the s p e c t r a i n f i g u r e 6. 

treatment i r o n 
s t a t e 

I.S. 
(mm/s) 

Q.S. 
(mm/s) 

A 
(a.u.) 

H,, 725 K Fe° 
F e 3 + 

0 
0. 

35 
68 1 .00 

0.18 
0.24 

CO, 295 K Fe° 0. 35 - 0.15 
F e 2 + 1. 48 2.20 0.13 
F e 3 + 0 68 1 .00 0.09 

a i r , 295 K Fe° 0 35 - 0.06 
F e 3 + 0 63 0.90 0.46 

CO, 295 K Fe° 
F e 2 + 

0 
1 

35 
48 2.21 

0.04 
0.23 

F e 3 + 0 6 3 0.60 0. 10 

A c c u r a c i e s : I .S. 0.04 mm/s, Q.S : 0. 06 mm/s, A: 0.01 

c a t a l y s t s as shown i n t h e i r Mossbauer s p e c t r a must be due to the method of 

d r y i n g a f t e r the impregnation p r o c e s s . I t appears t h a t d r y i n g i n vacuum l e a d s 

to a FeRh/SiO^ c a t a l y s t , which a f t e r r e d u c t i o n shows a r e l a t i v e l y l a r g e 

s p e c t r a l c o n t r i b u t i o n of the s u r f a c e component compared to the c a t a l y s t t h a t 

was d r i e d i n a i r . The c o n c l u s i o n t h a t vacuum d r y i n g of impregnated c a t a l y s t s 

l eads to a s m a l l e r p a r t i c l e s i z e than d r y i n g i n a i r was a l s o reached by Raupp 

and Delgass'k w i t h F e / S i 0 2 c a t a l y s t s . 

The spectrum of the reduced FeRh/SiO^ c a t a l y s t has been i n t e r p r e t e d as a 

combination of a s i n g l e t c o r r e s p o n d i n g to zero v a l e n t i r o n i n FeRh a l l o y , and 

a d o u b l e t due to F e 3 + . I n t h i s i n t e r p r e t a t i o n the F e 3 + phase would be a 

r e s i d u e of the mixed i r o n rhodium o x i d e i n the unreduced c a t a l y s t which can 

not be reduced by H^. Upon CO c h e m i s o r p t i o n a t 295 K the Fe + i s p a r t i a l l y 
2+ . . 3+ 

converted i n t o a Fe phase. The s e n s i v i t y of the Fe d o u b l e t to chemisorp
t i o n of CO confirms t h a t i t corresponds indeed to a s u r f a c e phase. A s i m i l a r 
change of F e 3 + i n t o F e 2 i s seen i n the a i r exposed c a t a l y s t ( f i g u r e s 3 and 6 ) . 

We b e l i e v e t h a t the c o n v e r s i o n of the subspectrum assigned to the s u r f a c e 
2+ 

component i n t o a Fe doublet as a r e s u l t of CO c h e m i s o r p t i o n on the reduced 
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FeRh/SiO^ c a t a l y s t lends some support to our i n t e r p r e t a t i o n t h a t the h i g h 

v e l o c i t y peak i s indeed p a r t of a F e 3 + d o u b l e t . I n the i n t r o d u c t i o n two o t h e r 

i n t e r p r e t a t i o n s were g i v e n f o r the o r i g i n of the s u r f a c e subspectrum. Garten 

et a l . ' ^ suggested t h a t i t i s a d o u b l e t due to zero v a l e n t i r o n i n the s u r f a c e 
2+ 

l a y e r of the a l l o y . Then the c o n v e r s i o n of the s u r f a c e i r o n i n t o Fe by CO 

c h e m i s o r p t i o n at room temperature would correspond to an o x i d a t i o n p r o c e s s , 

whereas the f o r m a t i o n of F e 2 + by CO i n the a i r - e x p o s e d c a t a l y s t i s a r e d u c t i o n 

p r o c e s s . T h i s seems to be c o n t r a d i c t o r y . The o t h e r i n t e r p r e t a t i o n i s t h a t the 
2+ 

subspectrum i s an u n r e s o l v e d Fe d o u b l e t . I n t h a t case the resonant a b s o r p t i o n 

of t h i s phase would be s m a l l e r than t h a t of the F e 2 + doublet which i s formed 

upon CO c h e m i s o r p t i o n . T h i s would a l s o imply t h a t a f r a c t i o n of the reduced 

i r o n i n the FeRh a l l o y would be o x i d i z e d i n t o the F e 2 + phase by CO at 295 K. 

T h i s seems a l s o u n l i k e l y . A more c o n s i s t e n t e x p l a n a t i o n i s t h a t the h i g h 

v e l o c i t y peak i n the spectrum of the reduced FeRh/SiO^ c a t a l y s t corresponds 

to a F e 3 + phase. The c o n v e r s i o n of t h i s F e 3 + i n t o F e 2 + by CO c h e m i s o r p t i o n 

a t 295 K has a precedent i n the case of the o x i d i z e d FeRh/SiO^ c a t a l y s t , 
2+ 

where no doubt e x i s t s t h a t the Fe i n the c a t a l y s t under CO has been formed , „ 3 + from Fe 

I t should be noted t h a t the F e 3 i n the reduced c a t a l y s t i s not n e c e s s a r i l y 

the o n l y s i t e of CO c h e m i s o r p t i o n . CO may a l s o be chemisorbed on the reduced 

p a r t of the c a t a l y s t , w i t h o u t a v i s i b l e change i n the subspectrum of the 

FeRh a l l o y . 

The resonant a b s o r p t i o n area of a Mossbauer spectrum measures the r e c o i l l e s s 

f r a c t i o n of the i r o n atoms i n the absorber (chapter two). F i g u r e 5 shows t h a t 

the r e c o i l l e s s f r a c t i o n i n the c a t a l y s t a f t e r impregnation and d r y i n g i s s i g 

n i f i c a n t l y lower than i n the c a t a l y s t a f t e r r e d u c t i o n or a f t e r a l l o t h e r 

subsequent trea t m e n t s , as i s a l s o i n d i c a t e d i n t a b l e I I I . A p o s s i b l e e x p l a n a 

t i o n i s t h a t the d i s p e r s i o n of the i r o n i o n s i n the impregnated and d r i e d 

c a t a l y s t i s v e r y h i g h , whereas d u r i n g the r e d u c t i o n i n a t 725 K the d i s 

p e r s i o n decreases somewhat, w i t h the r e s u l t t h a t the r e c o i l l e s s f r a c t i o n 

i n c r e a s e s . Another p o s s i b i l i t y i s t h a t d u r i n g the r e d u c t i o n the b i n d i n g between 

the p a r t i c l e s and the support may become s t r o n g e r . T h i s might a l s o r e s u l t i n 
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a h i g h e r r e c o i l l e s s f r a c t i o n f o r the reduced c a t a l y s t . N e v e r t h e l e s s , the 

d i s p e r s i o n i n the reduced c a t a l y s t can not be v e r y low, s i n c e i t s Mossbauer 

spectrum shows c o n s i d e r a b l e changes upon exposure of the c a t a l y s t to CO or 

to a i r at room temperature. 

I n the F i s c h e r - T r o p s c h s y n t h e s i s at 525 K a p a r t of the F e 3 + i n the reduced 
2+ 2+ 

FeRh/SiOj c a t a l y s t i s converted i n t o Fe i o n s . T h i s Fe phase i s not s t a b l e 

w i t h r e s p e c t to a i r , the oxygen c o n v e r t s i t a l l back i n t o F e 3 + along w i t h most 

of the zero v a l e n t i r o n i n the FeRh a l l o y . 

I l l ) Mossbauer s p e c t r a of FeRh/Si02 at c r y o g e n i c temperatures. 

In the i n t r o d u c t i o n of t h i s chapter three d i f f e r e n t i n t e r p r e t a t i o n s were 

g i v e n f o r the h i g h v e l o c i t y peak i n the Mossbauer s p e c t r a of reduced b i m e t a l l i c 

c l u s t e r c a t a l y s t of i r o n and a more noble group V I I I m e t a l . I n the p r e v i o u s 

s e c t i o n we i n d i c a t e d t h a t the CO c h e m i s o r p t i o n experiments w i t h FeRh/SiO^ 

do not support the i n t e r p r e t a t i o n t h a t the h i g h v e l o c i t y peak belongs e i t h e r 

t o a d o u b l e t of z e r o - v a l e n t i r o n i n the s u r f a c e of the a l l o y or to an 
2+ . . . 

u n r e s o l v e d d o u b l e t due to Fe at the s u r f a c e . I n t h i s s e c t i o n we w i l l i n v e s 
t i g a t e whether Mossbauer s p e c t r a a t 77 and 4 K can y i e l d a d d i t i o n a l i n f o r m a t i o n 

on the nature of t h i s s u r f a c e component i n FeRh/Si02 c a t a l y s t s . I n p a r t i c u l a r 
2+ 

we note t h a t i f the h i g h v e l o c i t y peak would belong to an u n r e s o l v e d Fe 

d o u b l e t at 295 K, i t may be b e t t e r r e s o l v e d a t 77 K, s i n c e the e l e c t r o n 
2+ 

c o n t r i b u t i o n to the quadrupole s p l i t t i n g i n Fe compounds depends on temper-
17 

a t u r e 
The temperature dependence of the r e c o i l f r e e f r a c t i o n can y i e l d i n f o r m a t i o n 

about the d i s p e r s i o n of the i r o n phases which c o n t r i b u t e to the Mossbauer 
18 

s p e c t r a . Somorjai has c o l l e c t e d a t a b l e of Debye temperatures, as determined 

w i t h low energy e l e c t r o n d i f f r a c t i o n (LEED), f o r the s u r f a c e s of v a r i o u s 

m e t a l s . The g e n e r a l c o n c l u s i o n i s t h a t the s u r f a c e Debye temperature i s 

r o u g h l y equal to h a l f t h a t of the b u l k . A LEED study on the ZnO (10!0) 
s u r f a c e showed t h a t t h i s simple r u l e f o r the s u r f a c e Debye temperature can 

1 9 
a l s o h o l d f o r a metal oxide s u r f a c e . The Debye temperature of b u l k m e t a l l i c 
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20 21 i r o n i s 470 K , and 500 K f o r b u l k a - F e ^ and ct-FeOOH . I f we apply 

Somorjai's r u l e f o r the s u r f a c e Debye temperature to the r e c o i l l e s s f r a c t i o n 

i n the Mossbauer e f f e c t , f i g u r e 3 of chapter two shows t h a t the r e c o i l l e s s 

f r a c t i o n of s u r f a c e atoms depends s t r o n g e r on the temperature than t h a t of 

b u l k atoms. 

The experiments which are d e s c r i b e d i n t h i s s e c t i o n were c a r r i e d out w i t h 

the vacuum-dried FeRh/SiO^ c a t a l y s t . 

R e s u l t s 

The Mossbauer s p e c t r a of the unreduced FeRh/SiO^ c a t a l y s t recorded at 295, 

77 and 4 K a l l c o n s i s t of a s y m m e t r i c a l quadrupole d o u b l e t ( f i g . 8 ) . The 

Mossbauer parameters, g i v e n i n t a b l e V, are c h a r a c t e r i s t i c of F e 3 + i n an i r o n 

o xide i n a (super)paramagnetic s t a t e . The w i d t h of the l i n e s suggests a 

d i s t r i b u t i o n i n the l o c a l environments of the F e 3 + i o n s . The v a l u e s i n t a b l e V 

are the average v a l u e s r e p r e s e n t a t i v e of a simple two l i n e f i t . The quadrupole 

s p l i t t i n g s of the F e ^ + i o n s are h i g h i n comparison to those of b u l k i r o n ( I I I ) 

o x i d e s , which i n d i c a t e s t h a t the environment of the F e 3 + ions i s h i g h l y 

asymmetric. The v a l u e s are c o n s i s t e n t w i t h those r e p o r t e d f o r h i g h l y d i s p e r s e d 
3+22 . , Fe . The s t r o n g i n c r e a s e i n the 

t o t a l resonant a b s o r p t i o n of the 

s p e c t r a w i t h d e c r e a s i n g temperature, 

i n p a r t i c u l a r between 77 and 4 K, 

i m p l i e s t h a t the Debye temperature 

of the i r o n oxide i n the unreduced 

c a t a l y s t i s low, which i n d i c a t e s t h a t 

the d i s p e r s i o n must be h i g h . 

In s i t u Mossbauer s p e c t r a at 295, 

77 and 4 K of the FeRh c a t a l y s t a f t e r 

182 
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F i g . 8 Mossbauer s p e c t r a of the 
unreduced FeRh/SiO^ c a t a l y s t , r e 
corded at the i n d i c a t e d tempera
t u r e s . 

r e d u c t i o n i n H 2 at 400 K f o r 1 hour 

and at 725 K f o r 5 hours are shown 

i n f i g u r e 9. The spectrum at 295 K 

c o n s i s t s , as p r e v i o u s l y , of a l a r g e 
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F i g . 9 In s i t u Mossbauer s p e c t r a of the reduced FeRh/SiO^ 
c a t a l y s t , r e c o r d e d at the temperatures i n d i c a t e d . 

c e n t r a l peak due to the FeRh a l l o y and a somewhat broadened h i g h v e l o c i t y peak 

near 1 mm/s. The spectrum at 77 K shows a s i m i l a r p a t t e r n , but the i n t e n s i t y 

of the h i g h v e l o c i t y peak i s s u b s t a n t i a l l y enhanced. We a l r e a d y note here t h a t 

the l a t t e r has not s p l i t i n t o a r e s o l v e d d o u b l e t , which might have been 
2+ 

expected when the h i g h v e l o c i t y peak at 295 K would correspond to a Fe s t a t e 

Both s p e c t r a were analyzed as a combination of a s i n g l e t and a d o u b l e t 

( t a b l e V ) . I n the spectrum at 77 K the f i t was not q u i t e s a t i s f a c t o r y , due to 

the f a c t t h a t the d o u b l e t has broad peaks which d i f f e r s l i g h t l y from the 

L o r e n t z i a n shape. The Mossbauer parameters of the d o u b l e t a t both temperatures 

are c h a r a c t e r i s t i c f o r Fe + i o n s . W i t h i n t h e i r a c c u r a c i e s , the isomer s h i f t s 

and the resonant a b s o r p t i o n areas of each component s a t i s f y the requirement 

t h a t they do not decrease w i t h d e c r e a s i n g temperature, which f o l l o w s from the 

l a t t i c e dynamics, as e x p l a i n e d i n chapter two. 
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Table V Mössbauer parameters of FeRh/SiO a t 295, 77 and 4 K. 

T i r o n I.S. Q.S. A 
(K) s t a t e (mm/s) (mm/s) (a.u.) 

b e f o r e r e d u c t i o n 
3+ 295 

77 
4 

Fe 
Fe 
Fe 

3+ 
3+ 

0.68 
0.73 
0.82 

0.77 
0.80 
0.84 

0.40 + 0.02 
0.64 + 0.03 
1.33 + 0.07 

a f t e r r e d u c t i o n 
0 295 

77 

Fe 
Fe 3+ 

Fe 
Fe 3+ 

0.38 
0.69 

0.47 
0.88 

0.97 

1.04 

0.21 + 0.02 
0.26 + 0.03 

0.23 + 0.02 
0.64 + 0.05 

0.98 + 0.09 

A c c u r a c i e s : I.S.: 0.04 mm/s, Q.S.: 0.06 mm/s. 

The spectrum a t 4 K shows t h a t a t l e a s t one of the i r o n compounds has 

become m a g n e t i c a l l y s p l i t , however, w i t h a broad d i s t r i b u t i o n i n h y p e r f i n e 

f i e l d s . Such p a t t e r n s are f r e q u e n t l y observed w i t h amorphous m a t e r i a l s , where 

a d i s t r i b u t i o n i n l o c a l environments of the i r o n atoms r e s u l t s i n a number of 

d i f f e r e n t magnetic h y p e r f i n e f i e l d s . The broad, p a r t i a l l y o v e r l a p p i n g peaks 

and the r e l a t i v e l y h i g h s t a t i s t i c a l e r r o r s do not a l l o w a computer a n a l y s i s . 

The spectrum shows t h a t the main c o n t r i b u t i o n i s due to s e x t u p l e t s w i t h 

magnetic s p l i t t i n g s i n the order of 250 - 350 kOe, which we a t t r i b u t e to the 

z e r o - v a l e n t i r o n i n the FeRh a l l o y . The s t a t i s t i c a l u n c e r t a i n t i e s make i t 

i m p o s s i b l e to d e c i d e i f any m a g n e t i c a l l y s p l i t c o n t r i b u t i o n s of F e ^ + compounds 

are p r e s e n t , w i t h h y p e r f i n e s p l i t t i n g s i n the range of 450 - 550 kOe. 

The t o t a l resonant a b s o r p t i o n areas f o r the M'ossbauer s p e c t r a of the 

Fe R h / S i 0 2 c a t a l y s t b e f o r e and a f t e r r e d u c t i o n are g i v e n i n f i g u r e 10. For 

comparison a curve c o r r e s p o n d i n g to the behavio r of b u l k m a t e r i a l w i t h a 

Debye temperature of about 470 K has been i n c l u d e d a l s o . 
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D i s c u s s i o n 

The Mossbauer spectrum of the reduced FeRh/SiO^ c a t a l y s t at 77 K does not 

support the i n t e r p r e t a t i o n t h a t the h i g h v e l o c i t y or s u r f a c e peak corresponds 

to a Fe^ compound, s i n c e no s p l i t t i n g of t h i s peak i n t o a doublet occurs a t 

77 K. This confirms our p r e v i o u s assumption t h a t the spectrum of the reduced 

FeRh/SiO^ c a t a l y s t c o n s i s t s of a s i n g l e t and a d o u b l e t . The Mossbauer p a r 

ameters of the doublet at 295 and 77 K are c o n s i s t e n t w i t h the requirements 

which f o l l o w from the temperature dependence of the l a t t i c e dynamics (chapter 

two), and they i n d i c a t e t h a t the do u b l e t should be a t t r i b u t e d to a F e 3 s t a t e . 

U n f o r t u n a t e l y , the spectrum a t 4 K does not y i e l d a d d i t i o n a l i n f o r m a t i o n 

on the reduced c a t a l y s t , because of the r e l a t i v e l y l a r g e s t a t i s t i c a l e r r o r s 

which are the r e s u l t of the d i s t r i b u t i o n of the s p e c t r a l i n t e n s i t y over a 

number of broad peaks. Mossbauer s p e c t r a of F e l r / A ^ O - j and F e P t / A ^ O , a t 
23 

about 20 K have been p u b l i s h e d by Garten and S i n f e l t . These s p e c t r a a l s o 

c o n s i s t of broad, p a r t i a l l y o v e r l a p p i n g peaks, and have a s i m i l a r shape as our 

spectrum of FeRh/SiO^ a t 4 K. Garten and S i n f e l t f i t t e d t h e i r s p e c t r a w i t h a 

s i n g l e s i x l i n e p a t t e r n , u s i n g u n r e a l i s t i c d i s t a n c e s between the peaks which 
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F i g . 10 T o t a l resonant a b s o r p t i o n areas of the FeRh/SiO^ s p e c t r a i n 
the f i g u r e s 8 and 9, n o r m a l i z e d to u n i t y at 4 K. The f u l l l i n e c o r r e s 
ponds to the temperature dependence of the resonant a b s o r p t i o n i n i r o n 
b u l k compounds w i t h a Debye temperature of 500 K. The d o t t e d l i n e s have 
been drawn as a guide to the eye o n l y . 
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do not s a t i s f y e q u a t i o n (24) of c h a p t e r two. I n f a c t , these s p e c t r a should 

be c h a r a c t e r i z e d by a d i s t r i b u t i o n of magnetic h y p e r f i n e f i e l d s . I n 

c o n n e c t i o n w i t h our i n t e r p r e t a t i o n of the s u r f a c e component i n terms of a 

F e 3 + s p e c i e s , i t i s i n t e r e s t i n g t h a t the s p e c t r a of FePt/Al^O^ and F e l r / A ^ O j 

at 20 K seem to show some a b s o r p t i o n at v e l o c i t i e s of around -7.5 and +8.5 
23 3+ mm/s , v e l o c i t i e s where c o n t r i b u t i o n s of m a g n e t i c a l l y s p l i t Fe are 

expected. However, i n order to e s t a b l i s h the presence of m a g n e t i c a l l y s p l i t 

F e 3 + c o n t r i b u t i o n s w i t h o u t doubt, i t i s e s s e n t i a l to have a l i q u i d h e l i u m 

spectrum of improved q u a l i t y . T h e r e f o r e a FeRh/SiO^ c a t a l y s t e n r i c h e d i n the 

Mossbauer i s o t o p e "^Fe should be used i n the f u t u r e . 

The t o t a l resonant a b s o r p t i o n s i n f i g u r e 10 r e f l e c t the temperature 

dependence of the average r e c o i l l e s s f r a c t i o n . o f the FeRh/SiÛ2 c a t a l y s t b e f o r 

and a f t e r r e d u c t i o n . As d i s c u s s e d i n the i n t r o d u c t i o n of t h i s s e c t i o n , the 

r e s u l t s i n f i g u r e 10 suggest t h a t a r e l a t i v e l y h i g h f r a c t i o n of the atoms i n 

the unreduced c a t a l y s t i s a t the s u r f a c e , whereas the degree of d i s p e r s i o n 

decreases upon r e d u c t i o n i n a t 725 K. 

The resonant a b s o r p t i o n of the F e 3 + component i n the reduced c a t a l y s t 

i n c r e a s e s s u b s t a n t i a l l y between 295 and 77 K, more than t h a t of the Fe° 

component. T h i s i s c o n s i s t e n t w i t h e a r l i e r c o n c l u s i o n s , t h a t the F e 3 + 

component corresponds to a f i n e l y d i s p e r s e d s u r f a c e s p e c i e s . The i n c r e a s e i n 

the resonant a b s o r p t i o n of the a l l o y component between 295 and 77 K i s not 

v e r y pronounced. A p p a r e n t l y , the dimensions of the a l l o y p a r t i c l e s a r e s i g 

n i f i c a n t l y l a r g e r than those which c o n t a i n the F e 3 + phase. 

SUMMARY OF THE RESULTS 

Impregnation of a s i l i c a c a r r i e r unto i n c i p i e n t wetness w i t h an aqueous 

s o l u t i o n of i r o n n i t r a t e and rhodium c h l o r i d e , f o l l o w e d by d r y i n g of the 

sample e i t h e r i n a i r or i n vacuum l e a d s to a FeRh/Si02 c a t a l y s t w i t h the 

f o l l o w i n g p r o p e r t i e s : 

- The unreduced c a t a l y s t c o n t a i n s h i g h l y d i s p e r s e d F e 3 + , which i s p a r t i a l l y 
2+ 

converted i n t o Fe by H. or CO at 295 K. 
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- The c a t a l y s t s a f t e r r e d u c t i o n i n at 725 K c o n t a i n i r o n i n two s t a t e s : 

Fe° i n a FeRh a l l o y , and F e 3 + i n a h i g h l y d i s p e r s e d phase which a l s o 

c o n t a i n s rhodium i n a s t a t e t h a t i s unknown y e t . The absence of a-Fe and 
2+ 

Fe , which are commonly encountered i n monometallic F e / S i C ^ , demonstrates 
t h a t a l l i r o n i n the FeRh/SiO^ i s i n f l u e n c e d by rhodium. A s u b s t a n t i a l 

3+ 2+ f r a c t i o n of the Fe i s converted i n t o Fe by CO c h e m i s o r p t i o n a t 295 K. 

The dimensions of the FeRh a l l o y are s i g n i f i c a n t l y l a r g e r then those of 

the F e 3 + c o n t a i n i n g phase. The vacuum-dried c a t a l y s t c o n t a i n s r e l a t i v e l y 

more of the h i g h l y d i s p e r s e d F e 3 + phase than the a i r - d r i e d c a t a l y s t . 

- Exposure of the reduced FeRh/SiO,, c a t a l y s t to a i r at 295 K r e s u l t s i n the 

o x i d a t i o n of most of the Fe° i n the FeRh a l l o y i n t o F e 3 + . 

In the F i s c h e r - T r o p s c h s y n t h e s i s at 525 K a f r a c t i o n of the F e 3 + i n the 

reduced c a t a l y s t i s converted i n t o a F e ^ + s t a t e . T h i s phase i s o x i d i z e d 

i n t o F e 3 + i n a i r at 295 K. 
2+ 

- The a i r - e x p o s e d FeRh/SiO„ c a t a l y s t s can be p a r t i a l l y reduced i n t o a Fe 

s t a t e by or CO at room temperature. T h i s r e r e d u c t i o n p rocess proceeds 

f u r t h e r i n CO than i n H^. 

- CO c h e m i s o r p t i o n on a i r - e x p o s e d FeRh/SiO,, a t 295 K r e s u l t s i n s i g n i f i c a n t l y 

more F e ^ + than CO c h e m i s o r p t i o n on reduced FeRh/SiO„. 

MODEL FOR FeRh/SiO. CATALYSTS 

The reduced FeRh/Si02 c a t a l y s t c o n t a i n s r e g i o n s of f i n e l y d i s p e r s e d F e 3 + 

and rhodium i n an unknown s t a t e , and FeRh a l l o y c l u s t e r s of a l a r g e r s i z e . Two 

p o s s i b i l i t i e s f o r the s t r u c t u r a l arrangement of these two components can be 

e n v i s i o n e d . 

F i r s t , suppose t h a t the w e l l - d i s p e r s e d phase forms a s u r f a c e l a y e r which 

covers the a l l o y p a r t i c l e s . T h i s would be i n agreement w i t h the i n t e r p r e t a t i o n 

of Garten et a l . ' ^ f o r reduced FeRu/SiO^ c a t a l y s t s . As these authors b e l i e v e 

t h a t , i n s p i t e of i t s h i g h isomer s h i f t , the s u r f a c e component i n the Moss-

bauer s p e c t r a corresponds to Fe° i n the s u r f a c e of the a l l o y , t h i s model f o r 

the s t r u c t u r e of the reduced c a t a l y s t i s t r i v i a l . However, i n t h i s chapter we 

112 



presented evidence t h a t the s u r f a c e component i n FeRh/SiO^ c a t a l y s t s i s not a 

Fe° but a Fe^ phase. I n t h i s case a model i n which the h i g h l y d i s p e r s e d F e ^ + 

c o n t a i n i n g phase covers the a l l o y seems u n l i k e l y , s i n c e i t would be hard to 

understand why a F e ^ + s t a t e on top of a reduced a l l o v p a r t i c l e should be 

s t a b i l i z e d under H^. We t h e r e f o r e r e j e c t t h i s model. 

The f o l l o w i n g i n t e r p r e t a t i o n seems more r e a l i s t i c . Assume t h a t a d i s t r i 

b u t i o n of p a r t i c l e s i z e s occurs i n the reduced c a t a l y s t . A f r a c t i o n of the 

p a r t i c l e s i s too s m a l l to be reduced, due to n u c l e a t i o n problems. N u c l e a t i o n 

i n h i b i t i o n as a r e s u l t of a h i g h d i s p e r s i o n i s a common phenomenon i n s i l i c a 
24 

supported o x i d e s of i r o n and n i c k e l . The i r r e d u c i b l e p a r t i c l e s g i v e r i s e to 

a F e ^ + d o u b l e t i n the Mossbauer spectrum of the reduced FeRh/SiO^ c a t a l y s t . 

P a r t i c l e s which are l a r g e r than a c e r t a i n c r i t i c a l s i z e do not s u f f e r from 

n u c l e a t i o n problems, and hence these p a r t i c l e s can e a s i l y be reduced i n t o a 

FeRh a l l o y . A s c h e m a t i c a l r e p r e s e n t a t i o n of t h i s model and the changes which 

occur on c h e m i s o r p t i o n of CO or exposure to a i r i s g i v e n i n f i g u r e 11. 

The s t a b i l i z a t i o n of the F e ^ + phase i n reduced FeRh/SiO^ must be due to the 
presence of rhodium i n t h i s phase, s i n c e F e ^ + i n monometallic Fe/SiO^ c a t a l y s t s 

2+ 9 

can always be reduced i n t o the Fe s t a t e . The e x p l a n a t i o n f o r t h i s 

s t a b i l i z a t i o n w i l l have to he found i n the thermodynamics of the rhodium 

- F e ^ + - SiO^ system, but to our knowledge l i t e r a t u r e on t h i s system i s not 

a v a i l a b l e . The F e ^ + i n the reduced c a t a l y s t can be p a r t i a l l y converted i n t o 
2+ 

Fe by CO at 295 K, s i m i l a r as i n .the unreduced o r i n the o x i d i z e d F e R h / S i 0 2 

c a t a l y s t . T h i s c o n v e r s i o n must be due to the presence of rhodium, i n a s t a t e 

t h a t i s not known. Perhaps XPS (X-ray photo e l e c t r o n s p e c t r o s c o p y ) may 

r e v e a l i n f o r m a t i o n about the s t a t e of rhodium i n the w e l l d i s p e r s e d F e ^ + phase. 

The model i n f i g u r e 11 i s s t r o n g l y supported by the CO c h e m i s o r p t i o n 

r e s u l t s shown i n the f i g u r e s 6 and 7. C h e m i s o r p t i o n of CO on the a i r - e x p o s e d 
2+ 

c a t a l y s t y i e l d s s i g n i f i c a n t l y more Fe than CO c h e m i s o r p t i o n on the reduced 

c a t a l y s t , i n agreement w i t h f i g u r e 11. T h i s r e s u l t would be hard to understand 

i n a model i n which the Fe"^+ c o n t a i n i n g phase covers the a l l o y , s i n c e 

o x i d a t i o n of such p a r t i c l e s should not l e a d to a l a r g e r number of Fe"^+ ions 

which are a c c e s s i b l e to CO. 
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Model F e R h / S i 0 2 

Reduced 

r , 
Si 02 

under CO 

1 — 1 
S Í 0 2 

exposed to air 

I i 
Si 02 

I I Fe Rh alloy 
under C O 

irreducible Fe-Rh-oxide 

F e 2 * containing phase 

reducible Fe-Rh-ox ide 

F i g . 11 Sc h e m a t i c a l r e p r e s e n t a t i o n of FeR.l1/SiO2 c a t a l y s t s . 

As we a l r e a d y mentioned i n the i n t r o d u c t i o n of t h i s c h a p t e r , supported 

b i m e t a l l i c c l u s t e r c a t a l y s t s which c o n s i s t of i r o n and a more noble group V I I I 

metal e x h i b i t M'ossbauer s p e c t r a which are v e r y s i m i l a r . We t h e r e f o r e suggest 

t h a t the v a l i d i t y of the model i n f i g u r e II i s not l i m i t e d to FeRh / S i 0 2 

c a t a l y s t s alone. The model would be c o n s i s t e n t w i t h Aschenbeck's XPS spectrum 

of a reduced FeRu / S i 0 2 cata^yst~'> which c l e a r l y shows the presence of bo t h 

reduced and unreduced i r o n i n the s u r f a c e of the c a t a l y s t . A l s o the r e l a t i o n 

between the o v e r a l l d i s p e r s i o n i n FeRu/SiO„ c a t a l y s t s and the i n t e n s i t y of the 
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s u r f a c e subspectrum i n the Mossbauer s p e c t r a of reduced FeRu/SiO^ ' ' i s 

c o n s i s t e n t w i t h the model of f i g u r e 11, s i n c e a h i g h o v e r a l l d i s p e r s i o n 

n e c e s s a r i l y corresponds w i t h a l a r g e f r a c t i o n of i r r e d u c i b l e c l u s t e r s . 

Another experiment w i t h FeRu/SiC^ c a t a l y s t which can be understood w i t h 

the model i n f i g u r e 11 has been r e p o r t e d by Lam and Garten'". These authors 

i n c o r p o r a t e d Cu i n t o FeRu/SiC^ c a t a l y s t s and noted a decrease i n the s p e c t r a l 

c o n t r i b u t i o n of the s u r f a c e component to the Mossbauer spectrum of the 

reduced c a t a l y s t . I n our i n t e r p r e t a t i o n , the s u r f a c e component corresponds 

to i r r e d u c i b l e F e 3 + i n a h i g h l y d i s p e r s e d s t a t e and hence, the disappearance 

of t h i s component as a r e s u l t of Cu i n c o r p o r a t i o n would i n d i c a t e t h a t Cu 

promotes the r e d u c t i o n of w e l l d i s p e r s e d , o t h e r w i s e i r r e d u c i b l e , p a r t i c l e s . 
25 

T h i s i n t e r p r e t a t i o n i s c o n s i s t e n t w i t h the r e s u l t s of Roman and Delmon , 

who found t h a t Cu enhances the r e d u c i b i l i t y of h i g h l y d i s p e r s e d NiO sup

po r t e d on s i l i c a . 

RECOMMENDATIONS 

Th i s cha p t e r i s an account on an i n v e s t i g a t i o n which, a t the pre s e n t 

time, i s s t i l l i n p r o g r e s s , A few su g g e s t i o n s f o r f u t u r e r e s e a r c h may be 

a p p r o p r i a t e . 

The r e s u l t s of the i n s i t u Mossbauer experiments a t temperatures between 

4 and 295 K are s u f f i c i e n t l y i n t e r e s t i n g to r e c o r d s i m i l a r s p e c t r a of the 

FeRh/Si02 c a t a l y s t under CO, a f t e r F i s c h e r - T r o p s c h s y n t h e s i s or exposure to 

a i r . As the s p e c t r a l i n t e n s i t y of FeRh/SiO^ i n the s p e c t r a a t 4 K i s d i s 

t r i b u t e d among s e v e r a l broad peaks, the Mossbauer a b s o r p t i o n should be 

enhanced by u s i n g c a t a l y s t s which are i s o t o p i c a l l y e n r i c h e d i n the Mossbauer 

i s o t o p e "^Fe. 

A d d i t i o n a l i n f o r m a t i o n on the s t a t e of Rh i n the c a t a l y s t s would be 

d e s i r a b l e . X-ray photo e l e c t r o n s p e c t r o s c o p y may r e v e a l such i n f o r m a t i o n , 

a l t h o u g h the presence of a non-conducting support as Si02 i s a drawback i n 

the a p p l i c a t i o n of t h i s t e c h n i q u e . A l s o i n f r a r e d spectroscopy of CO chemi-

s o r p t i o n on FeRh/SiO^ may y i e l d v a l u a b l e i n f o r m a t i o n on the s u r f a c e com

p o s i t i o n of the c a t a l y s t s . 
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As we d i s c u s s e d b e f o r e , the model i n f i g u r e 11 may be a p p l i c a b l e to other 

i r o n c o n t a i n i n g b i m e t a l l i c c l u s t e r c a t a l y s t s than F e R h / S i 0 2 as w e l l . The CO 

c h e m i s o r p t i o n experiments i n f i g u r e 6 and 7 may be used as a s i m p l e s c r e e n i n g 

t e s t f o r the v a l i d i t y of t h i s model f o r supported b i m e t a l l i c c l u s t e r s of i r o n 

and a more noble group V I I I m e t a l , such as FeRu, FePd, FeOs, F e l r , and FePt. 

The presence of at l e a s t two phases i n reduced F e R h / S i 0 2 r a i s e s the 

q u e s t i o n which phase i s r e s p o n s i b l e f o r the i n t e r e s t i n g c a t a l y t i c p r o p e r t i e s 

of the c a t a l y s t : the FeRh a l l o y , the w e l l d i s p e r s e d F e 3 + c o n t a i n i n g phase or 

maybe even the i n t e r f a c e between the two. Aschenbeck"' has shown t h a t 

v a r i a t i o n of the atomic Fe:Rh r a t i o p r o v i d e s a means to i n f l u e n c e the 

r e l a t i v e c o n t r i b u t i o n of the F e 3 + c o n t a i n i n g phase to the Mossbauer s p e c t r a . 

I t would be v e r y i n t e r e s t i n g to t e s t a number of these FeRh/SiO^ c a t a l y s t s 

i n F i s c h e r - T r o p s c h s y n t h e s i s a t h i g h p r e s s u r e s , to i n v e s t i g a t e whether a 

c o r r e l a t i o n e x i s t between the c a t a l y t i c s e l e c t i v i t y and the c o n t r i b u t i o n of 

the F e 3 phase to the Mossbauer s p e c t r a . 
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9 CONCLUDING REMARKS 

In the present economical s i t u a t i o n , i n which the consumption of o i l and 

o i l - d e r i v e d products i s s t a g n a t i n g , i t i s not t o be expected t h a t F i s c h e r - T r o p s c h 

s y n t h e s i s f o r the p r o d u c t i o n of s y n t h e t i c f u e l s o r b a s i c chemicals w i l l r e a d i l y 

f i n d a p p l i c a t i o n . I f , however, f o r whatever reason a t h i r d o i l c r i s i s might a-

r i s e i n the f u t u r e , the F i s c h e r - T r o p s c h p r o c e s s o f f e r s a f e a s i b l e a l t e r n a t i v e 

to n o n - o i l p r o d u c i n g c o u n t r i e s . 

Among the m e t a l s , s u i t a b l e f o r F i s c h e r - T r o p s c h s y n t h e s i s a t a l a r g e s c a l e , 

i r o n seems to be the b e s t c a n d i d a t e s i n c e i t i s r e l a t i v e l y cheap and abundantly 

p r e s e n t . O b v i o u s l y , i t i s important to know or r a t h e r , to understand the beha

v i o r of i r o n as a F i s c h e r - T r o p s c h c a t a l y s t i n a l l i t s a s p e c t s . 

The F i s c h e r - T r o p s c h s y n t h e s i s over i r o n c a t a l y s t s i s a v e r y i n t r i c a t e p r o c e s s . 

In t he f i r s t p l a c e , the mechanism of the c a t a l y t i c r e a c t i o n between and CO, 

two simple m o l e c u l e s , i s h i g h l y complex, i n p a r t i c u l a r under i n d u s t r i a l c o n d i 

t i o n s . An adequate d e s c r i p t i o n of t h i s mechanism r e q u i r e s a network of many 

r e a c t i o n s . In the second p l a c e , the work i n g i r o n F i s c h e r - T r o p s c h c a t a l y s t , even 

i f i t i s unpromoted or unsupported, i s a multicomponent system which may c o n t a i n 

s i m u l t a n e o u s l y m e t a l l i c i r o n , i r o n c a r b i d e s and i r o n o x i d e s . 

In the c h a r a c t e r i z a t i o n of these multicomponent i r o n c a t a l y s t s Mossbauer 

spectroscopy has proven to be a v e r y v a l u a b l e tech n i q u e . I t appeared p o s s i b l e 

to determine the b u l k c o m p o s i t i o n of both unpromoted and MnO-promoted i r o n c a t a 

l y s t s i n v a r i o u s stages of c a r b u r i z a t i o n , as was shown i n the cha p t e r s t h r e e ' , 
2 . . 3 . f o u r and seven of t h i s t h e s i s . I n chapter f i v e we have seen t h a t i t i s even 

p o s s i b l e to o b t a i n i n f o r m a t i o n about the presence of i r o n o x i d e s a t the s u r f a c e 

of the c a t a l y s t , by a p p l y i n g Mossbauer s p e c t r o s c o p y i n s i t u a t temperatures 

down to 4 K. That Mossbauer spectroscopy can a l s o be used to study i r o n s p e c i e s 

at the s u r f a c e of h i g h l y d i s p e r s e d systems was demonstrated w i t h FeRh/Si02 c a t a 

l y s t s i n chapter e i g h t . 

I n t h i s f i n a l chapter we w i l l f i r s t g i v e a t t e n t i o n to a few aspects of Moss

bauer spectroscopy i n the study of i r o n c o n t a i n i n g c a t a l y s t s . Next we w i l l d i s 

cuss the most r e l e v a n t r e s u l t s i n t h i s t h e s i s from the v i e w p o i n t of c a t a l y s i s . 
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Mossbauer s p e c t r o s c o p y 

The newly developed f i t t i n g r o u t i n e which was i n t r o d u c e d to analyze the 

c o m p l i c a t e d Mossbauer s p e c t r a of c a r b u r i z e d i r o n c a t a l y s t s , as d e s c r i b e d i n 

the chapters two and t h r e e ' , f u n c t i o n s s a t i s f a c t o r i l y . I n t h i s method the 

spectrum of a m i x t u r e of i r o n compounds i s f i t t e d w i t h a l i n e a r combination of 

s p e c t r a of the c o n s t i t u e n t s . P a r t i a l l y c a r b u r i z e d Fe-MnO c a t a l y s t s c o n t a i n 
2 

sometimes s i x d i f f e r e n t i r o n phases at a time , and i n t h a t case the Moss

bauer spectrum i s a combination of 40 peaks. We b e l i e v e t h a t f o r the a n a l y s i s 

of these complex s p e c t r a our f i t t i n g r o u t i n e i s much more r e l i a b l e than the 

commonly a p p l i e d procedure of f i t t i n g s i n g l e L o r e n t z i a n shaped l i n e s to the 

s p e c t r a which, moreover, i s a l s o r a t h e r time-consuming. 

In a d i f f e r e n t and a l s o newly developed procedure Mossbauer s p e c t r a are 

f i t t e d w i t h a combination of elementary s p e c t r a by v a r y i n g the Mossbauer p a r a 

meters i n a n o n - l i n e a r m i n i m i z a t i o n r o u t i n e (see chapter two). T h i s method, 

which i m p l i c i t l y guarantees p h y s i c a l l y r e a l i s t i c f i t s , a l l o w s f o r a r a p i d and 

r e l i a b l e d e t e r m i n a t i o n of the Mossbauer parameters f o r the FeRh/SiO^ s p e c t r a . 

We p r e f e r t h i s method to the common f i t t i n g of s i n g l e L o r e n t z i a n s , i n which 

more parameters have to be v a r i e d than i s s t r i c t l y n e c e s s a r y . 

The i r o n oxides a t the s u r f a c e of unsupported i r o n c a t a l y s t s t h a t are formed 

as a r e s u l t of treatment w i t h CO or exposure to a i r , c o u l d o n l y be observed i n 
¡ ... 3 

Mossbauer s p e c t r a at temperatures w e l l below 77 K, chapters t h r e e and f i v e . 

S i m i l a r o x i d e c o n t r i b u t i o n s have r e c e n t l y a l s o been found by Amelse et a l . 

and by Shen and Dumesic^. A p p a r e n t l y , c a t a l y s t s may c o n t a i n i r o n phases which 

are c h a r a c t e r i z e d by Debye temperatures as low as 50 K. T h i s i s much s m a l l e r 

than those of b u l k i r o n or i r o n o x i d e (about 500 K '^) or t h e i r s u r f a c e s (200 -

300 K ) . The l a t t e r v a l u e s f o l l o w from a p p l y i n g Somorjai's r u l e t h a t the Debye 
g 

temperature of a w e l l d e f i n e d f l a t s u r f a c e i s about h a l f t h a t of the b u l k . 

The u n u s u a l l y low v a l u e of the Debye temperature f o r the s u r f a c e oxides on the 

i r o n c a t a l y s t s i n d i c a t e s t h a t t h e i r s t r u c t u r e i s p r o b a b l y f a r from p e r f e c t and 

t h a t t h e i r dimensions are l i k e l y to be v e r y s m a l l . 

Whatever the p r e c i s e n a t u r e of these s u r f a c e i r o n o x i d e s i s , t h e i r v e r y 

e x i s t e n c e i m p l i e s t h a t the o n l y r e l i a b l e c h a r a c t e r i z a t i o n of i r o n c a t a l y s t s by 
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means of Mossbauer spectroscopy should be made a t l i q u i d h e l i u m temperature, 

s i n c e at t h i s temperature a l s o compounds w i t h extremely low Debye temperatures 

become d e t e c t a b l e (see f i g u r e 3 of chapter two). T h i s c l e a r l y i l l u s t r a t e s the 

u s e f u l n e s s of i n s i t u equipment which p e r m i t s the r e c o r d i n g of Mossbauer spec

t r a a t c r y o g e n i c temperatures down to 4 K. 

I r o n compounds w i t h a very low Debye temperature were a l s o p r e s e n t i n the 

FeRh/SiO^ c a t a l y s t s a f t e r impregnation and d r y i n g , as f o l l o w s from the l a r g e 

i n c r e a s e i n resonant a b s o r p t i o n a r e a between 77 and 4 K. A f t e r r e d u c t i o n i n 

at 725 K, however, such compounds disappeared ( f i g u r e 10 of chapter e i g h t ) . 

The Mossbauer s p e c t r a of h i g h l y d i s p e r s e d FeRh/SiO^ c a t a l y s t s a t 295 K 
9 

showed c o n s i d e r a b l e changes upon c h e m i s o r p t i o n of CO and H^, chapter e i g h t . 

T h i s demonstrates t h a t a p p l i c a t i o n of Mossbauer s p e c t r o s c o p y to i r o n c o n t a i n i n g 

b i m e t a l l i c c l u s t e r s a t room temperature can c e r t a i n l y r e v e a l v a l u a b l e i n f o r m a 

t i o n about the s u r f a c e . N e v e r t h e l e s s , measurements at c r y o g e n i c temperatures 

are a l s o n e c e s s a r y . Due to the low e f f e c t i v e Debye temperatures of the bime

t a l l i c c l u s t e r s , the s p e c t r a a t 77 K show h i g h e r resonant a b s o r p t i o n and impro

ved r e s o l u t i o n compared to the room temperature s p e c t r a . Comparison of resonant 

a b s o r p t i o n areas a t d i f f e r e n t temperatures y i e l d s q u a l i t a t i v e i n f o r m a t i o n on 

the r e c o i l l e s s f r a c t i o n of the "*^Fe atoms and hence on t h e i r d i s p e r s i o n . 

By u s i n g Mossbauer s p e c t r a of a g i v e n absorber at d i f f e r e n t temperatures, 

a d d i t i o n a l c o n s t r a i n t s can be imposed i n the f i t t i n g p rocedure, which t u r n out 

to be v e r y u s e f u l . Theory r e q u i r e s t h a t both the isomer s h i f t and the resonant 

a b s o r p t i o n area of each i r o n compound decrease w i t h i n c r e a s i n g temperature. 

In a l l a p p l i c a t i o n s d i s c u s s e d h e r e , these c o n s t r a i n t s have been s u f f i c i e n t to 

o b t a i n u n e q u i v o c a l l y determined Mossbauer parameters. 

F i n a l l y , we would l i k e t o s t r e s s t h a t e x t r a p o l a t i o n of the resonant absorp

t i o n areas f o r the d i f f e r e n t i r o n c o n s t i t u e n t s i n the s p e c t r a to a temperature 

of 0 K i s the o n l y way t o make a r e l i a b l e e s t i m a t e of the a c t u a l c o m p o s i t i o n 

o f a sample. The commonly made assumption t h a t the r e c o i l l e s s f r a c t i o n s of the 

c o n s t i t u e n t s are equal at room temperature l e a d s c e r t a i n l y to erroneous r e 

s u l t s i n the case of w e l l d i s p e r s e d p a r t i c l e s . 
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C a t a l y s i s 

D u r i n g the e a r l y stages of the F i s c h e r - T r o p s c h s y n t h e s i s i r o n c a t a l y s t s a r e 

r a p i d l y converted i n t o i r o n b u l k c a r b i d e s . I n t h i s sense i r o n i s unique among 

the group V I I I m e t a l s , s i n c e d i f f u s i o n of carbon i n t o the metal i s a v e r y f a s t 

p r o c e s s ' ^ . Due to the disappearance o f most o f the carbon i n t o the b u l k o f the 

c a t a l y s t i n s u f f i c i e n t carbon atoms are p r e s e n t at the s u r f a c e of the c a t a l y s t 

to p a r t i c i p a t e i n the a c t u a l F i s c h e r - T r o p s c h r e a c t i o n . T h e r e f o r e , the i n i t i a l 

a c t i v i t y of i r o n F i s c h e r - T r o p s c h c a t a l y s t s i s low, i n c o n t r a s t t o the o t h e r 

group V I I I m e t a l s , where the a c t i v i t y s t a r t s a t a maximum l e v e l , and no c a r b u -

r i z a t i o n o c c u r s . The r e l a t i o n between F i s c h e r - T r o p s c h a c t i v i t y and c a r b u r i z a -

t i o n has e x t e n s i v e l y been d i s c u s s e d i n chapter s i x ' of t h i s t h e s i s . 

Most i n v e s t i g a t o r s who use Mossbauer s p e c t r o s c o p y to c h a r a c t e r i z e i r o n F i 

scher-Tropsch c a t a l y s t s seem to agree on the appearance of not more than f o u r 

d i f f e r e n t i r o n c a r b i d e s under F i s c h e r - T r o p s c h c o n d i t i o n s ' ' 2 ' ^ ' ' 2
 ( In unsup

p o r t e d i r o n the c a r b i d e x~?ecp2 t h e dominant phase, whereas e'-Fe^ 2
C i s 

m a i n l y formed i n supported w e l l - d i s p e r s e d i r o n . I n both cases Fe^C, a p o o r l y 

c r y s t a l l i z e d s t r u c t u r e which was f i r s t r e p o r t e d i n chapter t h r e e ' , appears as 

an i n t e r m e d i a t e between m e t a l l i c i r o n and the u l t i m a t e c a r b i d e s t r u c t u r e . The 

c a r b i d e S-Fe^C i s o n l y formed at temperatures above 600 K. C o n v i n c i n g evidence 

f o r the occurrence of a c a r b i d e e-Fe2C i n i r o n F i s c h e r - T r o p s c h c a t a l y s t s has 

not been g i v e n up to now. The subspectrum t h a t Raupp and D e l g a s s ' ^ o r i g i n a l l y 
18 

a t t r i b u t e d to e-Fe2C i s i n f a c t due to F e x C , a c c o r d i n g to Delgass 

D e v i a t i n g i n t e r p r e t a t i o n s c o n c e r n i n g the Mossbauer s p e c t r a of the c a r b i d e s 
19 

e'-Fe2 £-Fe2C and Fe xC have been presented by P i j o l a t e t a l . and l e Caer 
20 . . et a l . They n e g l e c t the d i f f e r e n c e s i n c r y s t a l l o g r a p h i c s t r u c t u r e between 

these c a r b i d e s and i n s t e a d they propose t o i n t e r p r e t the c a r b i d e s p e c t r a i n 

terms of two d i f f e r e n t i r o n s i t e s o n l y , which correspond to i r o n atoms w i t h 

two and w i t h t h r e e carbon n e a r e s t n e i g h b o r s , r e s p e c t i v e l y . However, these 

authors r e c o r d t h e i r s p e c t r a of c a r b u r i z e d i r o n c a t a l y s t s d u r i n g F i s c h e r - T r o p s c h 
21 

s y n t h e s i s a t the r e a c t i o n temperature of 523 K and f o r one hour o n l y , w h i l e 

the c a r b u r i z a t i o n process i s s t i l l i n p r o g r e s s . As a consequence the q u a l i t y 

of the Mossbauer s p e c t r a i s r a t h e r poor. We a r e , t h e r e f o r e , not convinced t h a t 
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the s i m p l i f i e d i n t e r p r e t a t i o n s of P i j o l a t e t a l . and leCaer et a l . are j u s 

t i f i e d i n g e n e r a l . 

In chapter t h r e e ' i t was shown t h a t CO pretreatment of i r o n y i e l d s a c a t a 

l y s t w i t h a h i g h i n i t i a l a c t i v i t y , as opposed to pure m e t a l l i c i r o n . T h i s was 

e x p l a i n e d by assuming t h a t CO pretreatment leads to a c a r b u r i z e d c a t a l y s t i n 

which a l l carbon atoms at the s u r f a c e are a v a i l a b l e f o r the a c t u a l F i s c h e r -

Tropsch r e a c t i o n at the s t a r t of the s y n t h e s i s . With the a d d i t i o n a l i n f o r m a 

t i o n now a v a i l a b l e t h i s i n t e r p r e t a t i o n does not appear t o be c o r r e c t . One of 

3 

the c o n c l u s i o n s i n chapter f i v e i s t h a t c a r b u r i z a t i o n of i r o n i n CO alone pro 

ceeds v e r y s l o w l y and t h a t i r o n o x i d e s are formed at the s u r f a c e of the c a t a 

l y s t . These s u r f a c e o x i d e s impede d i f f u s i o n of carbon i n t o the i n t e r i o r of the 

c a t a l y s t and as a consequence the c o n c e n t r a t i o n of carbon at the s u r f a c e w i l l 

be h i g h . Thus, o x i d a t i o n of the i r o n s u r f a c e i s p r i m a r i l y r e s p o n s i b l e f o r the 

enhanced F i s c h e r - T r o p s c h a c t i v i t y i n CO p r e t r e a t e d c a t a l y s t s . T h i s i s c o n s i s -
22 

t e n t w i t h the experiments of Dwyer and Somorjai who found a t e n f o l d i n c r e a s e 

i n i n i t i a l methanation r a t e upon p r e o x i d a t i o n of t h e i r i r o n f o i l s . 

I t i s not t r i v i a l t h a t the r e a c t i o n mechanism of the F i s c h e r - T r o p s c h synthe 
23 

s i s i s the same w i t h i r o n and i r o n oxide c a t a l y s t s . C astner et a l . r e p o r t e d 

t h a t the a c t i v a t i o n e n e r g i e s f o r the r e a c t i o n between CO and R̂ , over rhodium 

and rhodium oxide d i f f e r c o n s i d e r a b l y . I t would be i n t e r e s t i n g to know whether 
3 

the same i s tr u e f o r i r o n and i r o n o x i d e , as i n chapter f i v e evidence was 

presented t h a t s u r f a c e o x i d e s may be formed i n the F i s c h e r - T r o p s c h s y n t h e s i s 

over i r o n c a t a l y s t s . T h i s would have i m p l i c a t i o n s f o r the r e a c t i o n mechanism. 

I f b o t h reduced and o x i d i z e d i r o n can indeed c o e x i s t at the s u r f a c e of the 

c a t a l y s t and i f the F i s c h e r - T r o p s c h r e a c t i o n over the two d i f f e r e n t s i t e s p r o 

ceeds v i a d i f f e r e n t mechanisms, then the o v e r a l l process cannot be d e s c r i b e d 
2 

m terms of a sequence o f elementary s t e p s , but as a complex network of steps 
The main c o n c l u s i o n from the i n v e s t i g a t i o n of Fe-MnO c a t a l y s t s i n chapter 

2 

seven i s u n f o r t u n a t e l y a n e g a t i v e one: MnO i s not an e f f e c t i v e promoter f o r 

the p r o d u c t i o n of e t h y l e n e and propylene i n the F i s c h e r - T r o p s c h s y n t h e s i s over 

i r o n c a t a l y s t s , at l e a s t not a t atmospheric p r e s s u r e . A t h i g h e r p r e s s u r e s of 

1 0 - 1 5 bar the o l e f i n s e l e c t i v i t y i s indeed s u b s t a n t i a l l y h i g h e r than i n our 122 



case. The product d i s t r i b u t i o n , however, s h i f t s to lo n g e r hydrocarbons and 
25 

t h e r e f o r e the y i e l d of low o l e f i n s remains low . A d d i t i o n of su l p h a t e t o the 

Fe-MnO c a t a l y s t l e a d s to an i n c r e a s e d s e l e c t i v i t y f o r e t h y l e n e and propylene 

a t 625 K, be i t a t the expense of mechanical s t a b i l i t y of the c a t a l y s t . 

The reduced Fe-MnO c a t a l y s t c o n s i s t s of a-Fe, MnO, an i r o n ( I I ) manganese 

mixed o x i d e and some i r o n ( I I I ) o x i d e , the l a t t e r p r o b a b l y i n c l u d e d i n the 

MnO and i n a c c e s s i b l e t o r e d u c t i o n by H_. Such a com p o s i t i o n may be c h a r a c t e r i s 

t i c f o r t h i s c l a s s of c a t a l y s t s which a r e based on a group V I I I metal as i r o n 

or c o b a l t , and an almost i r r e d u c i b l e o x i d e as MnO or ZnO. 

The i n v e s t i g a t i o n of b i m e t a l l i c FeRh/SiO^ c a t a l y s t s concerned p r i m a r i l y the 
9 

s t r u c t u r e of t h i s system ( c h a p t e r e i g h t ). A l l evidence p o i n t s t o a c a t a l y s t 

which c o n t a i n s r e g i o n s of a h i g h l y d i s p e r s e d , i r r e d u c i b l e phase i n which i r o n 

o c curs as F e 3 + , and l a r g e r p a r t i c l e s of FeRh a l l o y s . The i n t r i g u i n g q u e s t i o n 

remains which of the two phases c o n t a i n s the s i t e s t h a t are a c t i v e f o r the f o r 

mation of methanol and e t h a n o l i n the F i s c h e r - T r o p s c h s y n t h e s i s a t e l e v a t e d 

p r e s s u r e s . 
26 27 

P o e l s e t a l . and Ponec have shown t h a t the methanol s e l e c t i v i t y o f 

supported Pd c a t a l y s t s i n c r e a s e s w i t h i n c r e a s i n g content of p o s i t i v e p a l l a d i u m 

i o n s , s t a b i l i z e d by'xhe support or by promoters. The authors suggest t h a t these 

p o s i t i v e c e n t e r s are e s s e n t i a l f o r the p r o d u c t i o n of methanol. 
28 

A s i m i l a r s i t u a t i o n may a r i s e i n FeRh/SiO^ c a t a l y s t s . Rabo et a l . proposed 

t h a t the s y n t h e s i s of methanol occurs on s i t e s where CO i s chemisorbed molecu-

l a r l y . As CO d i s s o c i a t e s e a s i l y on both Fe and Rh at r e a c t i o n temperatures, 

one c o u l d s p e c u l a t e t h a t the w e l l d i s p e r s e d F e 3 + c o n t a i n i n g r e g i o n s i n the 

FeRh/SiO^ c a t a l y s t o f f e r the s i t e s where CO i s adsorbed m o l e c u l a r l y and hence 

oxygenated hydrocarbons are formed. 

In view of the problems w i t h d i s s o c i a t i v e a d s o r p t i o n of on metal o x i d e s 

one c o u l d even c o n s i d e r the presence of ensembles which c o n t a i n both metal 
29 

atoms and i o n s . Such ensembles might be found a t the i n t e r f a c e between the 

a l l o y and the F e ^ + c o n t a i n i n g r e g i o n s . I n t h i s r e s p e c t we note t h a t i n our 

model f o r FeRh/SiO^ c a t a l y s t s ( f i g u r e 11 of chapter e i g h t ) the i m p l i c i t l y 

assumed s e p a r a t i o n between the h i g h l y d i s p e r s e d phase and the l a r g e r a l l o y 123 



p a r t i c l e s i s not e s s e n t i a l a t a l l . A model i n which the two phases a re i n d i 

r e c t c o n t a c t w i t h each other would e x p l a i n the r e s u l t s i n chapter e i g h t as w e l l 
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SAMENVATTING 

De o l i e c r i s i s van 1973 en het gegroeide besef dat onze b e l a n g r i j k s t e f o s 

s i e l e e n e r g i e b r o n o l i e n i e t o n u i t p u t t e l i j k i s , hebben een hernieuwde b e l a n g 

s t e l l i n g voor s t e e n k o o l doen o n t s t a a n . S t e e n k o o l v e r t e g e n w o o r d i g t ongeveer 75% 

van de f o s s i e l e b r a n d s t o f voorraden, o l i e s l e c h t s 15%. Het ge b r u i k van s t e e n 

k o o l h e e f t echter nadelen i n v e r g e l i j k i n g met dat van v l o e i b a r e en gasvormige 

e n e r g i e d r a g e r s . Steenkool i s a l s v a s t e s t o f m o e i l i j k e r t e t r a n s p o r t e r e n en op 

te s l a a n . Het bevat potentiële m i l i e u v e r o n t r e i n i g e r s a l s asvormende bestand

d e l e n en zwavel ( v e e l meer dan o l i e ) , welke n i e t eenvoudig v e r w i j d e r d kunnen 

worden. Bovendien kan s t e e n k o o l n i e t d i r e c t a l s gr o n d s t o f voor de chemische 

i n d u s t r i e g e b r u i k t worden. Deze nadelen worden g r o t e n d e e l s vermeden a l s s t e e n 

k o o l wordt omgezet i n gasvormige of v l o e i b a r e produkten, welke voor g e b r u i k 

a l s b r a n d s t o f of grondstof g e s c h i k t z i j n . 

Wanneer s t e e n k o o l met stoom wordt v e r g a s t , o n t s t a a t een mengsel van voorna

m e l i j k koolmonoxide (CO) en w a t e r s t o f (H^), het zogenaamde synthesegas. D i t gas 

kan op v e l e manieren omgezet worden i n n u t t i g e produkten, z o a l s w a t e r s t o f , 

methaan ( s y n t h e t i s c h a a r d g a s ) , methanol en a l l e r l e i hogere k o o l w a t e r s t o f f e n . 

I n h et F i s c h e r - T r o p s c h p r o c e s , gepatenteerd rond 1923 en op g r o t e s c h a a l toege

p a s t t i j d e n s de tweede w e r e l d o o r l o g i n D u i t s l a n d , wordt synthesegas met behulp 

van i j z e r - , c o b a l t - of r u t h e n i u m k a t a l y s a t o r e n omgezet i n k o o l w a t e r s t o f f e n , 

z o a l s methaan, benzine en d i e s e l o l i e . 

I J z e r b i e d t de beste mogelijkheden voor h et g e b r u i k van F i s c h e r - T r o p s c h 

synthese op g r o t e s c h a a l , het i s immers goedkoop en v o l o p b e s c h i k b a a r . Boven

d i e n kan de k a t a l y t i s c h e s e l e k t i v i t e i t van d i t metaal door g e s c h i k t e toevoe

gingen en door de keuze van de procesomstandigheden t a m e l i j k goed g e v a r i e e r d 

worden. Het i s daarom van groot belang het gedrag van i j z e r a l s k a t a l y s a t o r i n 

het F i s c h e r - T r o p s c h proces door en door t e kennen. B i j h et onderzoek van deze 

k a t a l y s a t o r e n b l i j k t mössbauerspektroskopie een i d e a l e meetmethode te z i j n , 

met behulp waarvan de v e r s c h i l l e n d e i n F i s c h e r - T r o p s c h k a t a l y s a t o r e n optredende 

i j z e r v e r b i n d i n g e n g e m a k k e l i j k geïdentificeerd kunnen worden. Bovendien kan de 
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k a t a l y s a t o r met deze t e c h n i e k i n s i t u , dat w i l zeggen onder r e a k t i e - k o n d i t i e s , 

bestudeerd worden. 

I n d i t p r o e f s c h r i f t worden d r i e v e r s c h i l l e n d e i j z e r k a t a l y s a t o r e n besproken, 

n a m e l i j k 1) m o d e l k a t a l y s a t o r e n waaraan geen promotor- of d r a g e r m a t e r i a a l i s 

toegevoegd, 2) met mangaanoxide gepromoteerde i j z e r k a t a l y s a t o r e n en 3) b i m e t a l -

l i s c h e i j z e r r h o d i u m k l u s t e r s op een s i l i c a d r a g e r . 

Het F i s c h e r - T r o p s c h proces over i j z e r k a t a l y s a t o r e n i s een t a m e l i j k i ngewik

k e l d p r o c e s . I n de e e r s t e p l a a t s i s het reaktiemechanisme van de k a t a l y s t i s c h e 

r e a k t i e t u s s e n CO en twee eenvoudige molekulen, v e e l i n g e w i k k e l d e r dan men 

op het e e r s t e g e z i c h t zou verwachten. I n de tweede p l a a t s i s i j z e r n i e t s t a b i e l 

onder de p r o c e s k o n d i t i e s , maar wordt het omgezet i n i j z e r k a r b i d e n . In h oofd

stuk d r i e l a t e n we z i e n dat v e r s c h i l l e n d e k a r b i d e n kunnen optreden, herkenbaar 

aan hun röntgendiffraktiepatroon en aan hun mössbauerspektrum. T i j d e n s de om

z e t t i n g van i j z e r i n k a r b i d e n b l i j k t een i n t e r m e d i a i r e f a s e op te t r e d e n , door 

ons Ye^C genoemd, welke nog n i e t eerder i n de l i t e r a t u u r i s genoemd. Na enkele 

uren F i s c h e r - T r o p s c h synthese b i j 515 K i s deze f a s e e c h t e r geheel omgezet i n 

de bekende k a r b i d e n e'-Fe 2 2C en x~^e^C2' H e t C a r b i d e S-Fe^C wordt pas b i j tem

p e r a t u r e n van 625 K en hoger gevormd. Het e-Fe,,C k a r b i d e b l i j k t onder de door 

ons toegepaste k o n d i t i e s n i e t gevormd te worden. De s a m e n s t e l l i n g van het syn-

thesegas b e i n v l o e d t wel s t e r k de s n e l h e i d van het k a r b i d i s a t i e p r o c e s , maar n i e t 

de u i t e i n d e l i j k e s a m e n s t e l l i n g van de k a t a l y s a t o r . Wanneer het i j z e r v o l l e d i g 

i s g e k a r b i d i s e e r d , t r e e d t g e l e i d e l i j k e v e r m i n d e r i n g van de k a t a l y t i s c h e a k t i v i -

t e i t op, welke v e r k l a a r d wordt door a f z e t t i n g van i n a k t i e v e k o o l s t o f op het 

o p p e r v l a k van de k a t a l y s a t o r . 
<; * 

De F i s c h e r - T r o p s c h a k t i v i t e i t van i j z e r k a t a l y s a t o r e n b e g i n t op een zeer l a a g 

n i v e a u , neemt e c h t e r s n e l i n de t i j d toe en b e r e i k t een maximum na ongeveer een 

t o t twee uur, waarna g e l e i d e l i j k e d e a k t i v e r i n g o p t r e e d t . Gedurende het e e r s t e 

uur neemt het k o o l s t o f g e h a l t e van de k a t a l y s a t o r s t e r k toe. D i t gedrag i s t y p e 

rend voor i j z e r , want i n het g e v a l van n i k k e l , c o b a l t en ruthenium b e g i n t de 

F i s c h e r - T r o p s c h a k t i v i t e i t ( b i j 1 atm.) wel op een hoog n i v e a u en wordt het 

metaal n i e t omgezet i n k a r b i d e n . A l s v e r k l a r i n g voor het a f w i j k e n d e gedrag van 

i j z e r s t e l l e n we voor dat i n het b e g i n van de F i s c h e r - T r o p s c h synthese v r i j w e l 
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a l l e k o o l s t o f g e b r u i k t wordt voor de vorming van i j z e r k a r b i d e n . Naarmate de 

k a t a l y s a t o r meer k o o l s t o f bevat, b l i j f t er meer k o o l s t o f a c h t e r op het opper

v l a k , waardoor de vorming van k o o l w a t e r s t o f f e n bevorderd wordt. 

Wanneer mössbauerspektra van g e b r u i k t e en aan de l u c h t b l o o t g e s t e l d e i j z e r 

k a t a l y s a t o r e n worden gemeten b i j v l o e i b a r e h e l i u m temperatuur, 4 K, v e r s c h i j n e n 

er b i j d r a g e n van i j z e r o x i d e n , welke i n de s p e k t r a b i j kamertemperatuur n i e t 

z i c h t b a a r z i j n . Deze i j z e r o x i d e n worden gekenmerkt door een extreem lage debye-

temperatuur (en dus ongewoon zachte r o o s t e r t r i l l i n g e n ) en een brede v e r d e l i n g 

van magnetische h y p e r f i j n v e l d e n . Deze oxidekomponent wordt daarom toegeschreven 

aan het oppervlak van de k a t a l y s a t o r . I n s i t u experimenten tonen aan dat opper

v l a k t e o x i d a t i e van i j z e r ook onder F i s c h e r - T r o p s c h k o n d i t i e s kan p l a a t s v i n d e n , 

door de z u u r s t o f u i t CO. Deze o x i d a t i e van het i j z e r o p p e r v l a k v e r t r a a g t het 

k a r b i d i s a t i e p r o c e s s t e r k . Hiermee z a l r e k e n i n g moeten worden gehouden b i j h e t 

o p s t e l l e n van een reaktiemechanisme. 

I n de l i t e r a t u u r i s gemeld dat met mangaanoxide gepromoteerde i j z e r k a t a l y s a 

t o r e n een hoge s e l e k t i v i t e i t voor de vorming van k o r t e o l e f i n e n , etheen en 

propeen zouden hebben, reden voor ons om de s t r u k t u u r van deze Fe-MnO k a t a l y s a 

t o r e n en hun k a r b i d i s a t i e g e d r a g i n de F i s c h e r - T r o p s c h synthese met röntgen-

d i f f r a k t i e en mössbauerspektroskopie te bestuderen. De gereduceerde k a t a l y s a t o r 

b l i j k t v o o r n a m e l i j k u i t m e t a l l i s c h i j z e r , k l e i n e d e e l t j e s MnO en een k o n t a k t -

l a a g van (Fe,Mn)0 mengoxide te bestaan. Helaas kon de door anderen gevonden 

hoge o l e f i n e n s e l e k t i v i t e i t door ons n i e t gereproduceerd worden. Toevoeging van 

k l e i n e hoeveelheden s u l f a a t b l i j k t de o l e f i n e n s e l e k t i v i t e i t wel g u n s t i g t e be

ïnvloeden met name i n de F i s c h e r - T r o p s c h synthese b i j hogere temperaturen 

(625 K ) . De mechanische s t a b i l i t e i t van deze k a t a l y s a t o r l a a t e c h t e r t e wensen 

over. 

B i m e t a l l i s c h e m e t a a l k l u s t e r s op drager vormen een ve e l b e l o v e n d e k l a s s e 

k a t a l y s a t o r e n . Een i j z e r r h o d i u m k l u s t e r op s i l i c a d r a g e r (FeRh/Si02) v e r t o o n t 

b i j v o o r b e e l d een ongewoon hoge s e l e k t i v i t e i t voor de p r o d u k t i e van e t h a n o l i n 

het F i s c h e r - T r o p s c h proces b i j hoge druk. Mössbaueronderzoek aan deze k a t a l y 

s a t o r e n l a a t z i e n dat deze k a t a l y s a t o r e n n i e t a l l e e n k l e i n e , gelegeerde FeRh 
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d e e l t j e s b e v a t t e n , maar ook n i e t - r e d u c e e r b a r e , s t e r k gedispergeerde i j z e r -

rhodium mengoxiden. De F e ^ + ionen i n deze mengoxiden b l i j k e n onder i n v l o e d van 

geadsorbeerd CO reeds b i j kamertemperatuur omgezet te worden i n Fe + ionen. 

Deze eigenschap s p e e l t een g r o t e r o l b i j het t e s t e n van een model voor de 

FeRh/SiO^ k a t a l y s a t o r . D i t model i s m o g e l i j k ook toepasbaar op andere b i m e t a l -

l i s c h e k a t a l y s a t o r e n , welke bestaan u i t i j z e r en een e d e l e r metaal u i t groep 

V I I I van het p e r i o d i e k systeem. 

Een i n t e r e s s a n t aspekt van d i t onderzoek i s , dat aangetoond wordt dat i n 

s i t u mössbauerspektroskopie aan s t e r k gedispergeerde systemen i n f o r m a t i e over 

het o p p e r v l a k kan o p l e v e r e n . Toepassing van deze t e c h n i e k b i j v e r s c h i l l e n d e 

temperaturen maakt het m o g e l i j k om onderscheid t e maken t u s s e n o p p e r v l a k t e 

en b u i k g e d r a g , v i a de t e m p e r a t u u r a f h a n k e l i j k h e i d van het mössbauereffekt. 

In het p r o e f s c h r i f t worden twee chemische r e a k t o r e n besproken waarmee 

mössbauerspektra i n s i t u kunnen worden gemeten, een voor het g e b r u i k b i j tem

p e r a t u r e n t u s s e n 300 en 900 K, en een welke bovendien g e s c h i k t i s voor het 

opnemen van s p e k t r a b i j cryogene temperaturen, vanaf 2 K. De mössbauerspektra 

van g e k a r b i d i s e e r d e i j z e r k a t a l y s a t o r e n z i j n n ogal komplex, reden waarom een 

nieuwe methode voor de a n a l y s e van deze s p e k t r a i s o n t w i k k e l d . Ook voor de 

an a l y s e van eenvoudiger mössbauerspektra wordt een nieuwe aanpassingsmethode 

v o o r g e s t e l d . Beide methoden b l i j k e n n i e t a l l e e n een g r o t e t i j d w i n s t op te 

l e v e r e n i n v e r g e l i j k i n g met de g e b r u i k e l i j k e aanpassingsprocedure, maar ook 

t o t f y s i s c h meer betrouwbare r e s u l t a t e n te l e i d e n . 

Samenvattend kan g e s t e l d worden dat mössbauerspektroskopie een b i j z o n d e r 

n u t t i g e t e c h n i e k b l i j k t t e z i j n b i j het onderzoeken van de s a m e n s t e l l i n g en de 

s t r u k t u u r van i j z e r b e v a t t e n d e k a t a l y s a t o r e n , waarmee i n enkele g u n s t i g e g e v a l 

l e n z e l f s i n f o r m a t i e over het o p p e r v l a k van de k a t a l y s a t o r v e r k r e g e n kan worden. 
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STELLINGEN 

I 

Het model " c o l l e c t i e v e m a g n e t i s c h e e x c i t a t i e s " v a n 
M^rup en Tops^e, d a t de afname v a n h e t m a g n e t i s c h e 
h y p e r f i j n v e l d i n mössbauerspectra v a n u l t r a k l e i n e 
d e e l t j e s b e s c h r i j f t , k a n i n c o m b i n a t i e met een me
thode v o o r h e t b e r e k e n e n v a n de m a g n e t i s c h e h y p e r -
f i j n v e l d v e r d e l i n g i n p r i n c i p e g e b r u i k t w orden v o o r 
h e t b e p a l e n v a n d e e l t j e s g r o o t t e d i s t r i b u t i e s . 

S. Mrfrup en H. Tops«ie, A p p l . P h y s . U_, 63 ( 1 9 7 6 ) . 

I I 

V o o r de a a n p a s s i n g v a n l o r e n t z l i j n e n aan 
mössbauerspectra w a a r v a n de p i e k e n e l k a a r n i e t o f 
n a u w e l i j k s o v e r l a p p e n , v e r d i e n t de n i e t - i t e r a t i e v e 
methode v a n Mukoyama e n Végh de v o o r k e u r b o v e n de 
g e b r u i k e l i j k e i t e r a t i e v e a a n p a s s i n g s m e t h o d e n . 

T. Mukoyama en J . Végh, N u c l . I n s t r . and M e t h o d s , 

173, 345 ( 1 9 8 0 ) . 

I I I 

Op g r o n d v a n mössbauerexperimenten c o n c l u d e r e n 
G a r t e n e n S i n f e l t d a t de m e t a l e n P t en I r i n met 
"^Fe g e d o o p t e P t l r / A l ^ O ^ r e f o r m k a t a l y s a t o r e n b i m e -
t a l l i s c h e c l u s t e r s vormen. De s p e c t r a s l u i t e n 
e c h t e r g e e n s z i n s u i t d a t de m e t a l e n z i c h g e s c h e i 
den v a n e l k a a r op de a l u m i n a d r a g e r b e v i n d e n . 

R.L. G a r t e n e n J.H. S i n f e l t , J . C a t a l . 6 2 , 127(1980). 

J.H. S i n f e l t i n " C a t a l y s i s , S c i e n c e and T e c h n o l o 

gy" ( J . R . A n d e r s o n , M. B o u d a r t , E d s . ) , V o l . 1, 

S p r i n g e r - V e r l a g , B e r l i n , H e i d e l b e r g , 1981, p- 257. 



IV 

Het c o b a l t s u l f i d e Co^Sg, d a t i n c o m b i n a t i e met h e t 
m o l y b d e e n s u l f i d e M0S2 door Delmon v e r a n t w o o r d e l i j k 
w o r d t g e a c h t v o o r de k a t a l y t i s c h e a k t i v i t e i t v a n 
c o b a l t - m o l y b d e e n o n t z w a v e l i n g s k a t a l y s a t o r e n , zou 
op g r o n d v a n r e c e n t e r e s u l t a t e n v a n W i v e l en mede
w e r k e r s e e r d e r moeten worden beschouwd a l s k a -
t a l y t i s c h " v e r g i f " . 

B. Delmon i n " P r o c e e d i n g s o f the C l i m a x T h i r d I n 
t e r n a t i o n a l C o n f e r e n c e on the C h e m i s t r y and Uses 
o f Molybdenum" (H.F. B a r r y and P.C.H. M i t c h e l l , 
E d s . ) , C l i m a x Molybdenum Co., Ann A r b o r , M i c h i g a n , 
1979, p. 73. 

C. W i v e l , R. C a n d i a , B.S. C l a u s e n , S. M«Srup, en 

H. TopseSe, J . C a t a l . 68, 453 ( 1 9 8 1 ) . 

V 

T i j d e n s de o p l e i d i n g v a n s t u d e n t e n z o u v e e l meer 
a a n d a c h t moeten worden b e s t e e d aan h e t p r e s e n t e r e n 
v a n o n d e r z o e k s r e s u l t a t e n i n de vorm v a n k o r t e 
v o o r d r a c h t e n , p o s t e r s en k o r t e , e v e n t u e e l e n g e l s -
t a l i g e , a r t i k e l e n . Ook d i e n t h e t b e z o e k e n v a n en 
h e t b i j d r a g e n l e v e r e n aan ( b i n n e n l a n d s e ) c o n f e r e n 
t i e s d o o r s t u d e n t e n g e s t i m u l e e r d t e worden. 

V I 

De e i s d a t een p r o e f s c h r i f t v e r g e z e l d moet gaan 
van t e n m i n s t e zes n i e t op h e t onderwerp v a n h e t 
p r o e f s c h r i f t b e t r e k k i n g hebbende s t e l l i n g e n , d i e n t 
o f t e v e r v a l l e n o f u i t g e b r e i d t e worden met de 
voorwaarde d a t de promovendus de s t e l l i n g e n z e l f 
b e d e n k t . 

D e l f t , F e b r u a r i 1983 J.W. N i e m a n t s v e r d r i e t 






