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In t roduc t ion  

This ar t ic le  examines t h e  p o t e n t i a l  uses  of niobium, and i t s  compounds, 
as c a t a l y s t s  i n  chemical processing. The word p o t e n t i a l  is d e l i b e r a t e l y  
chosen because i n  1978 none of the  world ' s  twenty- five major c a t a l y s t s  (1) 
contained niobium. On t h e  o t h e r  hand, c a t a l y s t s  conta ining molybdenum and 
vanadium, neighbors of niobium i n  the p e r i o d i c  t a b l e ,  r e a l i z e d  over 80 x 10 $ 
of sales i n  t h a t  same year.  A t  t he  same t i m e  many of the  p a t e n t s  f o r  niobium 
catalysts cover a p p l i c a t i o n s  i n  which niobium improves the  a c t i v i t y  o f ,  o r  
s u b s t i t u t e s  f o r ,  molybdenum based compounds. With f avorab le  cos t  d i f f e r e n-  
t i a l s  and improvements i n  unders tanding,  niobium may be a b l e  t o  r ep lace  
molybdenum i n  some of i ts  t r a d i t i o n a l  uses.  

6 

The pa ten t  l i t e r a t u r e  desc r ibes  the  types  of chemical r e a c t i o n  f o r  which 
niobium compounds have been shown t o  be b e n e f i c i a l .  To understand t h e  
sc i ence  behind these  a p p l i c a t i o n s ,  however, i t  is  necessary t o  know some of 
t h e  s o l i d  state chemistry of t h e  niobium oxides and su lph ides  and how it 
c o n t r a s t s  wi th  t h a t  of molybdenum. This  is ou t l ined  i n  the  f i r s t  s e c t i o n  of 
t h e  present  paper. Later s e c t i o n s  desc r ibe  t h e  known a p p l i c a t i o n s  of niobium 
c a t a l y s t s  and an a t tempt  i s  made t o  provide some explanat ion of the exper i-  
mental observat ions .  It is important t o  r e a l i z e  t h a t  c a t a l y s i s  is  a poorly 
understood sub jec t .  Present  knowledge c o n s i s t s  of empi r i ca l  obse rva t ions  of 
t h e  a c t i v i t i e s  and s e l e c t i v i t i e s  of d i f f e r e n t  materials as c a t a l y s t s  and 
r e s u l t s  of fundamental i n v e s t i g a t i o n s  of the processes  which occur a t  the  
su r faces  of r e l a t i v e l y  simple materials. Information about the c a t a l y t i c  
e f f e c t s  of niobium compounds, is almost s o l e l y  of the f i r s t  type  - empi r i ca l
observat ions  p r imar i ly  recorded i n  the  p a t e n t  l i t e r a t u r e .  Any unders tanding 
of these observat ions  can only be gained by making comparisons wi th  chemically 
and s t r u c t u r a l l y  r e l a t e d  m a t e r i a l s  which have similar c a t a l y t i c  e f f e c t s  whose 
mechanisms have been p a r t i a l l y  explored. 

A t  t he  end of t h i s  chap te r  some of t h e  f u t u r e  poss ib l e  a p p l i c a t i o n s  f o r  
niobium are set a g a i n s t  t he  f u t u r e  demand f o r  c a t a l y s t s  by the  cont inuously  
changing chemical and petrochemical i n d u s t r i e s .  
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Relevant Features  of Niobium Chemis t r i  

The chemical behavior of niobium is dominated by the  r e l a t i v e  s t a b i l i t y  
of i t s  oxide Nb205, and as such, i t  is similar t o  t h a t  of i t s  neighbors i n  

the  p e r i o d i c  t ab le ,  zirconium, hafnium and tantalum. Molybdenum and tungsten 
have similar chemis t r ies  t o  niobium i n  t h e i r  f u l l y  oxidized 6-valent states,  
hut i n  con t ra s t  they a l s o  have a very extensive  chemistry i n  t h e i r  lower 
ox ida t ion  states. 

I b ,  Ta  M0,W 

Common Oxidation 5 (Oxides) 6 ,5 ,4 ,7 ,2  
S t a t e s  4 (Sulphides)  6,5,4,3,2 

is  hard t o  reduce t o  Nb02, r equ i r ing  treatment a t  1000 C i n  pure Nb 0 

hydrogen; on the  o the r  hand, WO 

Another r e f l e c t i o n  of t h i s  s t a b i l i t y ,  and one t h a t  has hampered the  develop- 
ment of niobium chemistry,  i s  the  i n s o l u b i l i t y  of most of i t s  compounds; the  
only commonly a v a i l a b l e  salt  of niobium, which is so lub le  i n  water, i s  the  
oxala te .  

2 5  
and Moo3 are reduced much more r ead i ly .  3 

Oxide Chemis t r -  

Nb205 is  formed e i t h e r  by oxidat ion of niobium metal o r  by the  decomposi- 

t i o n  of "niobium hydroxide" o r  niobium salts. It is a white in so lub le  poly- 
morphic s o l i d ,  and at least f i v e  s t r u c t u r a l  modif ica t ions  have been repor ted  

below 900 C . Above t h a t  teinperature H-Nb 0 is  s t a b l e ,  but t he  p r e c i s e  

s t r u c t u r e  of any sample w i l l  depend on i t s  heat  t rea tment  and h i s to ry .  

2 
2 5  

Thus the  p rope r t i e s  of "Nb205" suppor ts  or c a t a l y s t s  are expected t o  be 

extremely dependent on the  p repa ra t ive  route  used t o  make them. L i t t l e  work 
has been repor ted  i n  t h i s  important area, where the  degree of understanding 
c o n t r a s t s  very unfavorably wi th  t h a t  of the more widely used c a t a l y s t  sup- 
por t s ,  S i 0 2  and A1203. 

Nb 0 reacts with most o the r  oxides t o  form mixed oxide phases. This is 2 5  
of s i g n a l  importance i n  i ts  c a t a l y t i c  chemistry,  where the re  is s u b s t a n t i a l  
p o t e n t i a l  f o r  improvements i n  a c t i v i t y  and s e l e c t i v i t y  through the  prepara- 
t i o n  of new s t r u c t u r e s .  
(M = L i ,  Na and K). 
formed e.g. Cd Nb 0 and KNbW06. Reaction with Fe203, MnO and Sn02 produce 

mixed oxides wi th  complex s t r u c t u r e s .  

Vi th  monovalent oxides pe rovsk i t e s  are formed: MNb03 
Compounds with the  pyrochlore s t r u c t u r e  may a l s o  be 

2 2 7  2 

The phases formed by the  r eac t ion  of Nb 0 and Moo3 are of p a r t i c u l a r  2 5  
i n t e r e s t  because of t h e i r  use  as the  par t i& ox ida t ion  c a t a l y s t s  d iscussed 

later ( see  s e c t i o n  " Se lec t ive  Oxidation Reactions") Wvi, Movi and NbV have 
similar i o n i c  s i z e s ,  so t h a t  one element can s u b s t i t u t e  f o r  t he  o the r  very 
extensively;  Nbg05:Mo03 mixtures  exemplify the  complexity of much of the  

s o l i d  state chemistry of niobium. 

On hea t ing  such mixtures d i f f e r e n t  coinpounds are produced depending on 
t h e  r e l a t i v e  propor t ions  of t he  oxides ,  and t h e  temperature used ( 3 ) .  New 
phases have been found wi th  the  following compositions,  and more d e t a i l s  can 
be found i n  Ekstrom ( 3 ) .  
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Reaction Temperature Nb2g : Moo3 

Ratio - 
1100 c 

700 C 
Vapour Phase 
640 - 900 C 

4: 1 
4:l 2 : l  1:3 
6 : l  7:3 
6 : l  7 :3  1:3 

Agreement between different workers is not complete in this difficult 
area and it is probable that the 7:3 and 2 : l  phases are really the same (7:3 
= 2.3:2).  

The crystal structures of these phases are based on the "tetragonal 
tungsten bronze" structure (4), Figure 1,  in which a framework of corner- 
shared tungsten-centered octahedra link to form pentagonal and square tunnels 

+ vi which may contain ions such as Na, K or NH4 . and 
+ W", and the framework has a formula [W~~xWxv03]x- with xK ions (for example) 

filling the tunnels to maintain the charge balance. In compounds containing 
Mo 
similar oxide chemistries). 

Tungsten is present as W 

vi and Nbv, the Movi substitutes for Wvi. (Tungsten and molybdenum have 

As an example Mo5OI4 and Mo3Nb2014 ( 3  Mo03.Nb 0 ) are isostructural. 
bronze framework contains some of the niobium ions in the pentagonal tunnels 
along with extra oxide ions. This gives the niobium atoms pentagonal bi- 
pyramidal coordination. 

A 2 5  

Other Nb 0 :MOO and Nb 0 :W03 compounds are probably 2 5  3 2 5  

Figure 1. The tetragonal "tungsten-bronze'' structure. 
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based on corresponding tungsten bronze s t ruc tu res .  It is  probable t h a t  t h i s  
s t r u c t u r e  is highly s i g n i f i c a n t ,  s ince  the  s i t u a t i o n  of s p e c i f i c  niobium ions  
coordinated t o  oxygen r e c a l l s  the  coordinat ion of oxygen t o  the  bismuth ions 
i n  bismuth molybdate Bi2M0209  t h e  s e l e c t i v e  oxidat ion c a t a l y s t  (see sec t ion  

"Select ive  Oxidation Reactions"). I n  t h i s  ma te r i a l ,  which we can useful ly  

w r i t e  as  Bi(Bi 0 ) (Mo4016), only a small proportion of the  oxygen atoms, 

those coordinated t o  the  bismuth ions ,  a r e  weakly coordinated and ab le  t o  
p a r t i c i p a t e  i n  the  oxidat ion process. 
separated from each o the r ,  complete combustion t o  C02 is  prohibi ted.  

l a r l y  i n  Mo3Nb2014, which we can w r i t e  (NbO2] [NbMo3012], we again f ind  t h a t  

the re  a r e  a small proport ion of the t o t a l  number of oxygen ions  i n  s p e c i a l  
s i t e s  which may be ava i l ab le  f o r  oxidat ion a t  low temperatures. 

3 2  

Since these  s p e c i a l  oxygens are wel l  
Simi- 

Maximum a c t i v i t y  formulations of some patented Nb205/Mo03 c a t a l y s t s  occur 

a t  Nb205:Mo03 r a t i o s  of 1:2 and 1:4. 

type described above may e x i s t  a t  the  su r faces  of these  c a t a l y s t s ,  and be 
responsible  f o r  some of t h e i r  a c t i t i v y .  

and NbO, are known, and i t  has been suggested recen t ly  t h a t  the  presence of 
t h e  former i s  important when Nb205 i s  used a s  a c a t a l y s t  support under 

reducing conditions. It has been found t h a t  the  a b i l i t y  of i r id ium supported 
on Nb205, t o  adsorb hydrogen is s t rong ly  suppressed when compared with 

i r idium supported upon alumina, s i l i c a  and a few o the r  materials (5) .  This 
suppression may be due t o  e l e c t r o n  t r a n s f e r  from the reduced su r face  ca t ion  

(Now d ) t o  the  supported metal,  and somewhat paradoxical ly  t h i s  is  r e f l e c t e d  
i n  improved c a t a l y t i c  p roper t i e s  (see  sec t ion  "Fischer-Tropsch Syntheses"). 
The absorpt ion suppression f o r  platinum supported by t i t a n i a  appears a l s o  t o  
extend t o  carbon monoxide, and perhaps the c lue t o  understanding t h i s  ap- 
parent paradox lies i n  the  f ind ing  t h a t  the  CO-H2 r eac t ion  is inh ib i t ed  on 

metals whose hea t s  of adsorpt ion f o r  carbon monoxide a r e  too l a r g e  (5). 

This suggests t h a t  s t r u c t u r e s  of the 

Two lower oxides of niobium, N b 0 2  

i 

Sulphide Chemistry 

The most important niobium sulphide i s  the  four- valent NbS2. Its c r y s t a l  

s t r u c t u r e  is  based on i n f i n i t e  NbS l a y e r s ,  i n  which the  niobium atoms occupy 

t r igona l  p r i smat ic  sites between the  sulphur layers :  
2 

s ----- s ----- s ----- s 
Nb Nb Nb 

S s ---- s ---- s ----- NbS Layer 2 

--- s I---- s ----- s --- 
---s ------ s ----- s--- Nb Nb Nb 

Figure 5 shows t h i s  i n  more d e t a i l .  In  th ree  dimensions the re  a r e  numerous 
ways i n  which the  NbS layers  may be stacked r e l a t i v e  t o  one another so t h a t  

many polymorphs of NbS have been prepared. However, one would not expect 2 
the  surface c a t a l y t i c  a c t i v i t y  of NbS t o  be modified by the  exact s tacking 2 sequence of the  l ayers .  

2 
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Amorphous forms of NbS may be prepared i n  which the  s i z e  of the ordered 
2 

l a y e r s  is reduced t o  about 25-5c8, - t hese  are of i n t e r e s t  as hydrodesulphuri- 
z a t i o n  (HDS) c a t a l y s t s .  

The l a y e r s  i n  NbS2 are only weakly held  toge the r  by ( S .  . .9) Van de Waal 

fo rces  and under c e r t a i n  circumstances "guest molecules" may e n t e r  t he  (S. . 
.S )  region o r  " i n t e r c a l a t e"  causing the  la t t ice  t o  expand perpendicular  t o  
t h e  l aye r s .  The guest  molecule is usua l ly  a s t rong  e l e c t r o n  donor such as 
L i ,  Na, NH o r  a n i l i n e :  3 

x x x x x  x x x x x  

x x x x x  L i  L i  L i  L i  

x x x x x  + x x x x x  
+Li 

x x x x x  L i  L i  L i  L i  

x x x x x  
L i  L i  L i  L i  

(X = NbS2 l a y e r )  x x x x x  
Thus i n t e r c a l a t i o n  has two r e s u l t s :  i t  l eads  t o  a t r a n s f e r  of e l e c t r o n s  

from the  donor t o  t h e  NbS2 l a y e r s ,  and i t  causes a change i n  the  NbS2 layer-  

l a y e r  sepa ra t ion .  Thus the  e l e c t r o n i c  d i f f e r e n c e s  between NbS2 and MoS2, t he  

powerful H.D.S. c a t a l y s t  could be diminished by i n t e r c a l a t i o n .  A t  the same 
t i m e ,  t h e  inco rpora t ion  of an  i n t e r c a l a t i o n  s t e p  i n  a p repa ra t ion ,  might lead 
t o  a r o u t e  f o r  t he  enhancement of the s p e c i f i c  s u r f a c e  area of a c a t a l y s t  
through explos ive  i n t e r c a l a t i o n ,  o r  t o  a rou te  t o  the con t ro l l ed  decorat ion 
of su r face  sites by promotor atoms. 

Ca ta lys t  Formulations 

The t y p i c a l  c a t a l y s t  has t h r e e  components; t h e  a c t i v e  phase,  the suppor t  
and the promotor. The a c t i v e  phase i s  gene ra l ly  t h e  component on whose 
su r face  the  primary r eac t ion  proceeds. The suppor t  is f r equen t ly  a high- 
surface- area material on which the  c a t a l y s t  is deposi ted ,  and which usua l ly  
allows a more cos t  e f f e c t i v e  use of t he  a c t i v e  phase by enhancing i t s  disper-  
sion ( t h e  propor t ion of atoms a t  the  su r face  of a ma te r i a l ) .  The promotor is 
a component whose a d d i t i o n  t o  a c a t a l y s t  mixture bestows some b e n e f i c i a l  
i n f luence  on i t s  a c t i v i t y  or  s e l e c t i v i t y .  This  d e s c r i p t i o n  of the t y p i c a l  
c a t a l y s t ,  al though naive ,  is a u s e f u l  background a g a i n s t  which i t  is poss ib l e  
t o  d i scuss  the  use  of niobium i n  c a t a l y s i s .  

I n  the  examples of t he  fo l lowing s e c t i o n s  the  unders tanding of the  r o l e  
of niobium, i n  many of the  r eac t ions  d iscussed,  is i n s u f f i c i e n t  t o  d i s t i n-  
guish between i ts  presence as the  primary agent o r  a promoter. Consequently, 
we need only consider  t h a t  c a t a l y s t  p repa ra t ions  involving niobium are 
designed t o  produce suppor t  materials o r  a c t i v e  phases. The p rope r t i e s  of 
i n t e r e s t  in a good suppor t ,  are i ts  su r face  area, i t s  pore s i z e  d i s t r i b u t i o n  
and the  temperature dependence of these  p rope r t i e s .  I n  a d d i t i o n  chemical 
e f f e c t s ,  which l ead  t o  a modif ica t ion of the  p r o p e r t i e s  of t he  a c t i v e  phase 
by the  suppor t ,  are important ,  although i f  t hese  occur then they se rve  t o  
f u r t h e r  b l u r  t h e  boundaries between the  components of t he  c a t a l y s t  as dis-  
cussed na ive ly  in t h e  previous paragraph. 
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For some processes such as those where consecut ive  r eac t ions  are t o  be 
avoided,  a c a t a l y s t  supor t  is required with a low su r face  area .  More f r e-  
quen t ly ,  however, a high su r face  area is requ i red ,  and i t  is  f o r  t h i s  purpose 
t h a t  t he  prepara t ions  of Nb205 as a suppor t  have been optimized. 

two simple routes  which have been recorded i n  the  l i t e r a t u r e .  
decomposition of niobium o x a l a t e  

There are 

The thermal 

2Nb2 (C204H)5 + Nb205 + lOC0 + 10C02 + 5H20 
( 1 )  

and the  p r e c i p i t a t i o n  of the  oxide from a methanolic s o l u t i o n  of the  chlo- 
r i d e .  

c a l c i n e  
NbC15 + NH40H + 

- Unfor tunate ly ,  n e i t h e r  of these  two 

8m2/gm has been quoted as a t y p i c a l  
Recently a new route  t o  much higher  

rou te s  l eads  t o  very high surfaces .  

value  a f t e r  c a l c i n a t i o n  a t  600 C. 
su r face  area m a t e r i a l  was shown t o  be 

2 f e a s i b l e  by A.E.R.E. H a r w e l l ,  producing material of 75 m /gm at 600 C and 

28m2/gm a t  900 C. 

When niobium oxide i s  used as an a c t i v e  phase i t  is gene ra l ly  d i s t r i b u t e d  
over  a suppor t  by impregnating t h e  latter wi th  a s o l u t i o n  of a niobium s a l t ,  
such as the  oxa la t e ,  followed by drying and ca l c in ing .  It would be u s e f u l  t o  
know more about the  morphology of the  niobium oxide prepared i n  t h i s  way. 
Knowledge of the  spec ie s  p resen t  i n  niobium o x a l a t e  s o l u t i o n s ,  how they are 
adsorbed by oxides ,  and the  consequences of subsequent c a l c i n a t i o n  would a l l  
be valuable  a i d s  i n  a t tempts  t o  optimize Nb205 d i s p e r s i o n  and a c t i v i t y .  

C a t a l y t i c  Chemistry 

S e l e c t i v e  Oxidation React ions  

Some of the  most widely discussed p o t e n t i a l  a p p l i c a t i o n s  of niobium 
c a t a l y s t s  are i n  s e l e c t i v e  ox ida t ions  and the  r e l a t e d  ammoxidations. The 
most important of these reac t ions  commercially, are t h e  ox ida t ion  of propy- 
l e n e  t o  a c r o l e i n  (1)  and a c r y l i c  ac id  (2), and the  ammoxidation of propylene 

t o  a c r y l o n i t r i l e  (3).  The market f o r  a c r y l o n i t r i l e  i s  1.4 x 10 Kg per  year ,  
an amount which is mainly used i n  f i b r e s  and r e s i n s .  These t h r e e  r e a c t i o n s  
are 

9 

CH CH = CH2 + O2 + CH2 = CH.CHO + H20 3 

CH3 CH = CH2 + 312 O2 + CH2 = CH.COOH + H20 

( 3 )  

( 4 )  

CH3 CH = CH2 + NH3 + 112 O2 + CH2 = CHCN + 3H20 
(5)  
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The o r i g i n a l  c a t a l y s t s  developed f o r  these  processes by Sohio were based on 
bismuth molybdate. They a r e  used a t  between 452 and 510 C i n  t h e  1-3At 
pressure  range, e i t h e r  in f ixed  o r  f l u i d i s e d  beds. 

Most of the  references  t o  the  use of niobium a s  a c a t a l y s t  component i n  
s e l e c t i v e  oxidat ion reac t ions  d e t a i l  the  improvement i n  s e l e c t i v i t y  brought 
about by the  presence of niobium. Present  c a t a l y s t s  are f a r  from per fec t  
s ince  l a r g e  q u a n t i t i e s  of ma te r i a l  end up as t h e  unwanted products of t o t a l  
combustion, CO and C02,  o r  o the r  oxidat ion products such a s  a c e t i c  acid.  

Typical values  f o r  t h e  s e l e c t i v i t y  of feedstock conversion i n  the  prepara- 
t i o n s  of a c r y l o n i t r i l e  (7) o r  a c r o l e i n  (8) a r e  70 percent  o r  85 percent 
r e spec t ive ly ,  and, as w e  w i l l  d i scuss  later,  the  oxidat ions  of higher mole- 
c u l a r  weight o l e f i n s  r e s u l t  in even poorer s e l e c t i v i t i e s .  

A s  an example of what has been claimed, US pa ten t  3,557,199 (9) teaches  
t h a t  h igh s e l e c t i v i t i e s  of production of a c r y l i c  and methacryl ic  acids  from 
t h e i r  r e spec t ive  aldehydes can be obtained using niobium ca ta lys t s .  The 
reac t ion  requ i res  a c a t a l y s t  with a niobium t o  molybdenum atomic r a t i o  
between 0.5:l and 2:l i.e. between Nb 0 .2Mo03 and 2Nb205.Mo03. 

percent conversions of ac ro le in  were a t t a i n e d  with  81 percent s e l e c t i v i t y ;  
4.0 percent a c e t i c  ac id  and 38.0 percent CO and C02 were obtained. The 

examples i n  t h e  pa ten t s  show t h a t  although t h e  s e l e c t i v i t y  is high f o r  these  
niobium t o  molybdenum r a t i o s ,  i t  is only achieved, however, a t  the  expense of 
a l a rge  amount of t o t a l  combustion. (N.B. The percentage y i e l d s  a r e  values 
of moles of product per mole of a c r o l e i n  converted, t imes loo%, and there-  
f o r e ,  t h e  sum can be more than 100%). 

A t  417 C ,  77 2 5  

Another example is included in t he  pa ten t  awarded t o  t h e  Asahi Glass 
Company ( 9 ) .  This s t a r t s  from the  p o s i t i o n  t h a t  t h e  oxidat ions  i n  equations 
1-3, although success fu l  f o r  propylene, are much less a t t r a c t i v e  f o r  the  
oxidat ion of h igher  molecular weight homologues such as t h e  conversion of 
i sobutylene t o  methacrolein. (Methacrolein,  i n  tu rn ,  is oxidized t o  metha- 
c r y l i c  ac id  which can be e s t e r i f i e d  t o  methylmethacrylate.  The use of t h i s  
ma te r i a l  under t r ade  names such a s  P lex ig las s  amounts t o  g r e a t e r  than 300,000 
tons  per annum in t h e  U.S.A.). 

I n  t h i s  r e a c t i o n  s e l e c t i v i t i e s  of 50 percent  r a t h e r  than t h e  85 percent 
f o r  propylene are common. I n  consequence, t h i s  rou te  t o  methylmethacrylate 
i s  not yet  widely used, but s ince  it is p o t e n t i a l l y  a t t r a c t i v e  when compared 
with  the  conventional rou te  from acetone and hydrogen cyanide, with super io r  
c a t a l y s t s  i t  may become t h e  normal process.  The Asahi work teaches t h a t  
incorporat ion of niobium i n t o  a bismuth molybdate c a t a l y s t  l eads  t o  much 
higher  y i e l d s  of methacrolein.  For example, a c a t a l y s t  of atomic r a t i o s  
Mo:Bi:Nb of 12:9:3 l eads  t o  conversions of i sobu ty lene  of 96 percent with a 
s e l e c t i v i t y  of 74 percent.  This y i e l d  is compared with  the  y i e l d s  of the  2 
component materials i n  Table I below. 

Some i n s i g h t  i n t o  the  behavior of niobium as a promotor comes from work 
i n  which t h e  in f luence  of niobium on t he  s e l e c t i v i t y  of ox ida t ion  of propy- 
l ene  t o  a c r y l i c  ac id  was inves t iga ted  (10). A niobium oxide-molybdenum oxide 
c a t a l y s t  supported on s i l i c a  was used, and t h e  v a r i a t i o n  of y i e l d  with 
niobium content  is shown i n  Figure 2. It can be seen t h a t  a volcano curve is 
obtained i n  which t h e  maximum conversion occurs a t  an atomic r a t i o  of niobium 
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Table I. Conversions of Isobutylene t o  Methacrolein over Niobium Ca ta lys t s  

Conversion S e l e c t i v i t y  % - x f o r  Pfethacrolein % co + co2 

71.5 69.9 24.8 
M012Bi9 

82.6 65.8 29.1 
M012Nb3 

Mo12Bi9Nb3 96.1 74.4 22.7 

Mo12Bi9Nb3Tel 95.0 76.7. 18.4 

(Conversions of propylene t o  a c r o l e i n  were found t o  be) 

Mo12Bi9Nbl 95.3 79.1 13.8 

(It can be seen t h a t  p a r t  of the  improvement i n  perfor-  
mance i s  brought about by reducing the  proportion of 
feedstock undergoing complete combustion.) 

8 
Mole Fraction of Nb205/(Nb205+MoO3) 

in Catalyst 

Figure  2. E f f e c t s  of Nb205/Mo03 r a t i o  and As205 on conversion 

of propylene t o  a c r y l i c  acid .  Conditions 400 C ,  2.4s 
contact  time, propylene: a i r :  steam r a t i o  1:75:3. 
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to molybdenum of 1:2. 
catalysts (see Figure 3 (11)) it is worth recapping how this material is 
thought to function. The fundamental reaction is the reversible oxidation- 
reduction process which takes place at its surface. The catalyst oxidizes 
the hydrocarbon, and then incorporates fresh oxygen from the gas phase within 
its lattice. One model of the mechanism assumes that oxygen vacancies on the 
molybdate groups act as electron acceptor sites to which the propylene can 
adsorb and form an allylic intermediate. Oxygen is then transferred from the 
lattice to the allyl group, which then desorbs as acrolein. Fresh oxygen 
coming in from the gas phase replaces the lost lattice oxygen, although not 
via a simple substitution, since the initial anion vacancy is firstly filled 
by diffusion from the bulk. An important aspect of these catalysts is that 
they cause one stage oxidation without bringing about total combustion; 
effectively the reaction stops half-way. A largely accepted mechanism for 
this, is one based on site isolation. The oxygen that is donated by the 
lattice to the allyl intermediate can only come from a small number of weakly 
bound sites. The larger number of strongly bound oxygen atoms provides a 
reservoir from which the transferred oxygen atom is replaced. The weakly 
bound oxygen atom may be those associated with a cation vacancy, and in 
confirmation of this theory, the activity of Pbl-3xBi2x-xMo04 rises rapidly 
with the concentration of x . See Figure 4. 

Since an analogous curve occurs for bismuth molybdate 

12 

The precise reasons for enhanced activity at particular stoichiometries 
continue to be elusive, although the experimental evidence does suggest that 
fast oxygen transport though the lattice and readily removable oxygen atoms 
are important requirements. In the Bi2M0209 catalyst the bulk structure 
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Figure 3. Butene oxidation activities of 
bismuth molybdate catalysts. 
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con ta ins  p a r t i c u l a r  oxygen atoms surrounded by an incomplete bismuth co- 
o r d i n a t i o n  sphere ,  such t h a t  a t  the  su r face ,  t h i s  oxygen may be coordinated 
by 3 bismuth ions and 1 bismuth vacancy. It i s  bel ieved t h a t  t h i s  oxygen is 
t h e  one r e spons ib le  f o r  t he  oxidat ion process ,  and it  is reasonable  t o  expect 
that i n  the  a c t i v e  molybdenum-niobium c a t a l y s t s ,  similar d e f e c t  a s soc ia t ed  
oxygen atoms may be present .  

The above paragraphs are a condensation of a l a r g e  corpus of k i n e t i c  and 
s t r u c t u r a l  knowledge concerning bismuth molybdate c a t a l y s t s .  In con t ra s t ,  i t  
is d i f f i c u l t  t o  d i scuss  the  mechanisms of niobium c a t a l y s t s  s ince  i t  is rare 
in e i t h e r  the academic o r  the  patent  l i t e r a t u r e  t o  f i n d  any reference  t o  the  
p a r t i c u l a r  phases of t he  niobium compounds t h a t  may be present .  In t he  
published work on iso- butylene oxidat ion,  f o r  example, BiMola3305.5 has good 

a c t i v i t y  and so a l s o  has  NbMo4014.5. 

would probably repay handsomely the  e f f o r t s  involved. Another point  t o  
emerge from t h e  work of reference  (10) is the  observat ion t h a t  a r s e n i c  oxide 
is a very valuable  promotor prevent ing the  f u r t h e r  ox ida t ion  of a c r y l i c  t o  
acetic acid .  A proposed explanat ion f o r  t h i s  e f f e c t  w a s  t h a t  t he  a r s e n i c  
oxide was adsorbable on two sites present  a t  t he  su r face  of t he  "niobium 
molybdate" c a t a l y s t s .  One of these ,  the  less a c t i v e ,  l e d  t o  a c r y l i c  ac id ;  
t he  o the r  which had a s t rong  a f f i n i t y  f o r  a r s e n i c  oxide ,  l ed  t o  a subsequent 
oxidat ion of the a c r y l i c  ac id  t o  carbon monoxide and carbon dioxide.  Hence, 
as the  a r s e n i c  oxide content  rose ,  so the  conversion t o  by-product diminished. 
However, even tua l ly  a concentra t ion was reached a t  which those  sites produc- 
i n g  a c r y l i c  a c i d  were a l s o  being poisoned and so  the  y i e l d  of t h i s  material 
f e l l  a lso .  

S t r u c t u r a l  work on t hese  c a t a l y s t s  

One f u r t h e r  example of improvements in s e l e c t i v i t y  a r i s i n g  from the  
inco rpora t ion  of niobium i n  a c a t a l y s t  has been publ ished by Sun Ventures, 
Inc.  (13). 
production of d i n i t r i l e s ,  r a t h e r  than mtxtures of d i n i t r i l e s  and mononi- 
t r i l e s ,  from s u b s t i t u t e d  aromatic hydrocarbons. For i n s t a n c e ,  i sophthaloni-  
t r i l e  made on the  scale of a few thousand tons  per  annum in t h e  U.S.A., is 
made by a m o x i d a t i o n  of meta-xylene. 

They worked on t h e  problem of enhancing t h e  s e l e c t i v i t y  of 

High y i e l d s  of t he  d i n i t r i l e  can be obtained wi th  a vanadium a l k a l i  metal 
bronze promoted wi th  niobium. 

F i n a l l y ,  t he  use  of niobium oxide t o  promote vanadium pentoxide,  (14) a 
c a t a l y s t  f o r  t h e  ox ida t ion  of orthoxylene t o  p h t h a l i c  anhydride,  has been 
studied. It is i n t e r e s t i n g  t h a t  t h i s  c a t a l y s t  is one of t h e  few, conta ining 
mixtures of niobium oxide wi th  o the r  oxides ,  f o r  which r e l e v a n t  phase diagram 
information is a v a i l a b l e  (15). These diagrams show t h a t  a t  temperatures less 
than 648 C ,  V205,  Nb 0 and V205.9Nb 0 are s t a b l e  phases. However, the  

pos i t ion  of t h e  peak in t he  a c t i v i t y  p l o t  shown in Figure  5 a t  40 percent 
V205 suggests  t h a t  the  formation of the  mixed compound is not the  s o l e  

inf luence at work; X-ray d i f f r a c t i o n  evidence showed t h a t  a d d i t i o n a l  unknown 
phases were p resen t  which were a t  t h e i r  maximum concen t ra t ion  a t  30 percent 

V205. could a l s o  be 

2 5  2 5  

The authors  suggeted t h a t  t he  formation of V204.2Nb 0 2 5  
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Figure 5. Variation of the activity of V205 - Nb20g 
as a function of composition. 
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responsible for the increase in activity. The suggestion was supported by 

their chemical analyses which showed the .VlV content to amount to 35 wt. 
percent of the vanadium content of the spent catalysts. 

Hydrodesulphurization 

Hydrodesulphurization, or H.D.S. as it is commonly called, is the reac- 
tion in which sulphur-containing materials are removed from hydrocarbon 
feedstocks. The necessity for this is two-fold. Firstly, downstream pro- 
cessing catalysts used in the manufacture of ammonia are readily converted to 
inactive sulphided nickel. Secondly, it is important to remove sulphur from 
materials which would ultimately be used as fuels, €or both pollution and 
combustion reasons. The general reaction involved can be typified by the 
hydrodesulphurization of thiopene, a model compound which is used in a large 
number of hydrodesulphurization studies 

Hydrogen sulphide, produced in the reaction, is generally removed by an 
adsorption tower full of zinc oxide. A requirement of a catalyst for this 
reaction is that it must be resistant to sulphidation, either by virtue of 
being inert, or because it is already sulphided. The most common catalyst 
used is molybdenum sulphide supported ony-alumina and promoted with cobalt, 
although tungsten sulphide promoted with nickel is also encountered together 
with other mixtures of the four materials. The catalyst is usually formed 
"in-situ" from the supported mixed oxides. 

The relevance of this reaction to niobium chemistry is that molybdenum 
sulphide and niobium sulphide have similar crystal structures. They are both 
essentially two-dimensional lattices whose individual sheets comprise metal 
atoms surrounded above and below by layers of sulphur atoms such that the 
coordination around each metal atom is trigonal prismatic. See Figure 6 .  
Since the structures are layer like, the surface is differentiated into that 
formed by the basal and the prismatic planes. In the prismatic planes there 
is a certain density of sulphur vacancies at any partial pressure of hydrogen 
and it is at these sites that it is thought that the centers of hydrodesul- 
phurization activity reside, where sulphur containing molecules are adsorbed 
and decomposed. The simplest requirements for high activity are therefore 
high edge-plane areas and high vacancy densities. 

In niobium sulphide it is not clear if either of these factors is limit- 
ing, and up to very recently, little work had been performed on niobium 
sulphide because it was not available in a high surface area form. Prepara- 
tions of niobium sulphide were carried out by synthesis of the material from 
its constituent elements at temperatures in excess of 1000 C. A recent 
publication, however, has shown that niobium sulphide and other similar 
materials can be prepared at ambient temperatures in non-aqueous solvents. 
Chianelli and co-workers (16) used the metathesis reaction between niobium 
chloride and lithium sulphide in organic solvents such as tetrahydrofuran. 
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O = S  

0 Mo or Nb 

Figure 6 .  Structure of molybdenum and niobium sulphur MS2 layers. 

NbC15 + 2.5Li2S + NbS2 + 5LiC1 + 0.5s 
(9) 

The same investigators also measured the activity of this and other materials 
in a model hydrodesulphurization reaction using dibenzothiopene. This is 
converted to biphenyl and cyclohexyl benzene at 300 C and lBAtm., and is a 
better model reaction than thiopene hydrodesulphurization, if one wishes to 
simulate the reactions that occur in the hydrodesulphurization of residual 
fuel oils. 

S 

It was shown that of the unsupported metal suluhides. the niobium 

(10) 

sulphide - -  
produced in this way had medium activity. 
ted commercial catalysts >> ReS2 >> MoS2 > Cr2S3 >> WS2- TiS2- NbS2- VS2 > 
ZrS2- MnS. 

tially amorphous but Chianelli and co-workers also showed that at 400 C both 
molybdenum sulphide and niobium sulphide prepared by this route had superior 
activities to materials prepared by direct synthesis or thermal decomposi- 
tion. The reason for this is unclear since it would be expected that materi- 
als prepared by these different routes would be similar at equal temperatures. 
There is no information in the patent on the surface areas of the catalysts 
used in the tests and therefore, it is not clear whether the intrinsic 
activities of the materials investigated are different, and also it is not 
clear whether the materials have the potential for further improvement. 

The activity ranking was: suppor- 

The material produced by this non-aqueous synthesis was essen- 
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Fischer-Tropsch Syntheses 

These processes  are cu r ren t ly  being i n v e s t i g a t e d  wi th  g r e a t  enthusiasm, 
s i n c e  they provide a rou te  from CO and H2 t o  o l e f i n s  

nCO + 2nH2 -f CnH2n + nHzO 
(11) 

The t echn ica l  f e a s i b i l i t y  of the  syntheses  was  demonstrated in Germany in t h e  
thirties,  but t he re  has been no i ncen t ive  t o  use  t h e  process widely in recent  
yea r s ,  because of t he  p l e n t i f u l  supply of o l e f i n s  from cheap petroleum 
sources .  Now, however, t he  p i c t u r e  is changing and chemical i n d u s t r i e s  based 
on coa l  feedstocks  are expected sooner o r  la ter  t o  r ep lace  the  inc reas ing ly  
expensive o i l  based ones. 
South Af r i ca  where t h e r e  are p l e n t i f u l  s u p p l i e s  of cheap coa l  from which CO 
and hydrogen ( syn thes i s  gas)  can be made. The i n t e r n a t i o n a l  importance of 
t h e  Fischer-Tropsch r eac t ions  is r e f l e c t e d  by the  many re sea rch  papers and 
p a t e n t s  t h a t  are now regu la r ly  appearing on this topic .  The process has  
t r a d i t i o n a l l y  used i r o n  based c a t a l y s t s  and those  in opera t ion  in South 
A f r i c a  use t h i s  metal. Precious metals have a l s o  been shown t o  possess 
a c t i v i t y ,  and in p a r t i c u l a r  ruthenium has been widely inves t iga t ed .  A r ecen t  
p a t e n t  from the  Exxon l a b o r a t o r i e s  (6)  has shown t h e  a t t r a c t i v e  improvement 
in t h e  y i e l d  of high molecular weight o l e f i n s ,  r a t h e r  than methane, when 
niobium pentoxide,  i n s t ead  of alumina, s i l ica o r  carbon, is used t o  suppor t  
t h e  ruthenium. The o l e f i n s  produced are va luab le  in t e rmed ia t e s  f o r  p l a s t i c s ,  
rubbers ,  a l coho l s ,  etc. 

t h a t  a 1 percent  Ru/Nb205 c a t a l y s t  l e d  t o  an  o l e f i n  y i e l d  of 59 percent ,  

which compared wi th  34 percent and 13 percent  ob ta inab le  wi th  alumina and 
s i l i ca  re spec t ive ly .  A s e l e c t i o n  of the  r e s u l t s  they obta ined is recorded 
below. 

Today the  processes  are only used commercially in 

Using an H2:C0 r a t i o  of 3:l at 103KPa they found 

Table 11. Yields  of D i f f e ren t  Products  in Fischer-Tropsch Reactions 

C a t a l y s t  

Ru 

l%Ru/Si02 

1%Ru/A1203 

l%Ru/Nb205 

1%Ru/Ta205 

1%Ru/V203 

Conversion 

%CO 

226 3.5 

Temperature O C  - 

232 4.1 

228 

244 

8.8 

5.7 

226 10.3 

259 1.4 

Yield  Mole. % 

m4 "2 C2H6 C3H6 
c2!!4>353 

96 4 0 0 

a7 13 7 4 

66 34 12 8 

41 59 14 11 

42 54 10 16 

49 51 21 16.5 

The r e l a t i o n s h i p  of t h i s  f o r t u n a t e  c a t a l y t i c  behavior,  t o  the  p rope r t i e s  of 
niobium oxide,  has been r e f e r r e d  t o  earlier. 
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Nitric Oxide Removal from Boiler Stack Gases 

In Japan and California the electricity generating authorities have been 
obliged to invest in processes which will lower the NO concentrations in 

their power station boiler emissions. I n  Japan approximately 25 systems were 
operating in August 1978 of which 22 were catalytic. They used the reaction 
between ammonia and NOx, which produces nitrogen and steam at temperatures 

between 300 and 400 C. 

X 

4 NH + 6N0 + 5N2 + 6H20 
(12) 3 

The most popular catalyst for this process is V205 supported upon titania, 

a combination which is unaffected by up to 2000 ppm of SO2 or 100 ppm of SO3, 

important poisons of other systems. For coking furnaces, calcination plants 
and the like, emissions are at temperatures less than 300 C, so that there is 
an important requirement for catalysts which are active at lower tempera- 
tures, if heating of the emissions is to be avoided. It has been found that 
catalysts containing niobium are particularly successful at meeting this 
requirement. For example, U.S. patent 4, 131, 643 shows that a catalyst 
manufactured by impregnating alumina with an oxalic acid solution containing 
vanadium, niobium and copper followed by calcining at 400 C was capable of 
bringing about removal of NO at temperatures more than 100 C lower than 

catalysts which did not contain niobium. Figure 7 shows the percentage 
conversion of NO as a function of temperature for a number of different 

compositions. From the patent it is not clear whether the niobium is capable 
of bringing about the reaction independently, i.e. whether it is an effective 
catalyst in its own right, or whether it acts solely as a promotor. 

20V-20M0 “0.3) 

45V-2OCu “0.4) 

40V - 2 0  Nb - 5  CU ( NO. 2 I 

Reaction Temperature ( “ C )  
Figure 7. Relationship between NOx conversion and reaction 

temperature for catalysts with and without niobium. 
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The Fu tu r e  

The r e a c t i o n s  f o r  which niobium c a t a l y s t s  have been pa ten ted  a r e  p r i m a r i l y  
t h o s e  which are going t o  con t i nue  t o  be of i n d u s t r i a l  importance f o r  decades 
t o  come. Hydrodesulphur iza t ion  w i l l  become p r o g r e s s i v e l y  more complex and 
w i l l  p l a c e  p rog re s s ive ly  i n c r e a s i n g  demands on c a t a l y s t s  as t h e  molecular  
we igh t s  and t he  concen t r a t i ons  of t h e  su lphu r  bea r i ng  hydrocarbons in pe t ro-  
chemica l  f e eds tocks  i nc r ea se .  Hydrodeni t rogenat ion  and d e m e t a l l i z a t i o n  w i l l  
become e q u a l l y  impor tan t  as t h e  t r e n d  towards e x p l o i t i n g  r e s i d u a l  o i l s  and 
c o a l  l i q u i d s  cont inues .  An a l t e r n a t i v e  r o u t e  t o  chemica ls  from c o a l s  w i l l  be 
v i a  g a s i f i c a t i o n  and t h e  r e a c t i o n s  of carbon monoxide and hydrogen. The 
i n t e r e s t i n g  r e s u l t s  on t h e  u se  of niobium ox ide  as a suppo r t  in t h e  F i s che r -  
Tropsch r e a c t i o n ,  sugges t  t h a t  t h e r e  may be o t h e r  CO/H r e a c t i o n s  where 

niobium suppo r t s  confer  a d d i t i o n a l  advantages .  F i n a l l y  t h e  s e l e c t i v e  oxida- 
t i o n  r e a c t i o n s  are u n l i k e l y  t o  change much be fo r e  t h e  end of t h e  cen tu ry ,  
s i n c e  t h e  demand f o r  commodity f i b r e s  and p l a s t i c s  i s  u n l i k e l y  t o  be g r e a t l y  
i n f l u e n c e d  by t h e  a r r i v a l  of new products .  So much f o r  t he  market oppor tuni-  
ties, what r e s ea r ch  should  be done? A s  a s u p p o r t ,  much can probably  be made 
of  t he  new r o u t e  t o  h igh  s u r f a c e  a r e a  n iob i a .  Recent exper iments  i n  a number 
of  f i e l d s  have shown t h a t  impor tan t  s u r f a c e  p r o p e r t i e s  such  as s i n t e r i n g  
rate,  po i son  r e s i s t a n c e ,  and i n t r i n s i c  a c t i v i t y  can  be i n f l uenced  by va ry ing  
t h e  suppo r t  under a c a t a l y s t .  There  a r e  many v a l u a b l e  and i n t e r e s t i n g  
exper iments  t o  be done t o  dec ide  how n i o b i a  compares w i th  conven t i ona l  
materials under d i f f e r e n t  cond i t i ons .  

2 

The promotion of niobium c a t a l y s t s  by o t h e r  a d d i t i v e s  has a l s o  r ece ived  
l i t t l e  a t t e n t i o n .  The su lph ide  f o r  example is r e a d i l y  i n t e r c a l a t e d  by a 
v a r i e t y  of e l e c t r o n  donors e.g. arnines, Na, K,  SnS2, and Cobaltocene.  

p rov ide  both  an i n t e r e s t i n g  way t o  modify t h e  e l e c t r o n i c  p r o p e r t i e s  of t h e  
h o s t ,  and a l s o  a c t i v e  c e n t e r s  a t  which o t h e r  r e a c t i o n s  in a consecu t i ve  
sequence can  be i n i t i a t e d .  In hyd rodesu lphu r i za t i on  t h e  a d d i t i o n  of c o b a l t  
t o  a molybdenum based c a t a l y s t  r e s u l t s  i n  a c o n s i d e r a b l e  i n c r e a s e  i n  i t s  
a c t i v i t y .  It is not too  clear how t h i s  occu r s ,  bu t  i t  may be because t h e  
c o b a l t  enhances t h e  rate of d i s s o c i a t i o n  of molecular  hydrogen. I f  t h i s  i s  
c o r r e c t  t hen  c o b a l t  should  a l s o  promote t h e  H.D.S. a c t i v i t y  of niobium 
c a t a l y s t s .  Experiments in t h i s  area should  d e f i n i t e l y  be t r i e d .  

These 

F i n a l l y ,  and a t  t h e  r i s k  of r e p e a t i n g  what has  a l r e a d y  been s a i d  on a 
number of  occa s ions  i n  t h i s  ar t ic le ,  it i s  impor tan t  t o  l e a r n  more about  t h e  
c r y s t a l  s t r u c t u r e s  of t he  c a t a l y t i c a l l y  a c t i v e  mixed ox ide  phases c o n t a i n i n g  
niobium. Ony when t h e i r  s t r u c t u r e s  are known, w i l l  it be p o s s i b l e  t o  modify 
t h e i r  p r o p e r t i e s  in a l o g i c a l  manner. 
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