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S u m m a r y  

The  character is t ics  o f  selective ox ida t ion  on mixed  tin and a n t i m o n y  
ox ide  catalysts  with special re fe rence  to  the  solubi l i ty  limit,  the  role o f  the  
matr ix ,  the  na ture  o f  the  active sites and the  role o f  ac id -base  sites are 
evaluated  f rom an analysis o f  da ta  r epor t ed  in the  l i terature .  The  cata lyt ic  
p roper t ies  of  these systems are also br ief ly  reviewed.  

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

Studies on various types  o f  m u l t i c o m p o n e n t  oxides  used as ox ida t ion  
catalysts  have led to m a n y  pos tu la tes  which have cons idered  bo th  macroscop ic  
and microscop ic  pa ramete r s  as the  cause for  the  observed selectivity.  In this 
paper  it is ou r  in t en t ion  to examine  br ief ly  the  appl icabi l i ty  o f  some of  these 
corre la t ions  in te rms o f  ca ta ly t ic  func t ions  wi th  respect  to  mixed  tin and 
a n t i m o n y  ox ide  ox ida t i on  catalysts .  However ,  fo r  an exhaust ive  and com-  
prehensive t r e a t m e n t  o f  this sys tem the  reader  is re fer red  to an excel lent  
recent  review by  Berry  [1] .  

It has been shown recen t ly  tha t  solid solut ion fo rm a t io n  in the  mixed  
tin and a n t i m o n y  ox ide  system is restr ic ted to a l imited range o f  compos i t ions  
(in mos t  o f  the  repor ts  a value o f  abou t  3 at.% Sb is given a l though values as 
high as 6 - 7 at.% Sb have also been  claimed [2, 3] )  and requires  heat ing at 
higher  t empera tu res .  Earlier studies,  however ,  f r equen t ly  suggested t h a t  high 
concen t r a t i ons  o f  a n t i m o n y  (abou t  20 at.%) could be a c c o m m o d a t e d  in the  
tin d iox ide  lat t ice at lower  t empera tu re s  ( abou t  600 °C) [1] .  At  all o the r  
compos i t ions ,  mul t iphase  compos i t ions  were fo u n d  to exist ,  consist ing 
pr incipal ly  o f  ru t i le - type  tin d iox ide  and oxides  o f  a n t i m o n y ,  main ly  Sb:O4 
and Sb6013 [4] .  The  r epor t ed  exis tence  o f  an un ident i f ied  phase at lower  
t empera tu re s  in the  an t imony- r i ch  region, however ,  needs fu r the r  investiga- 
t ion  to  establish its s t ructura l  iden t i ty  and ca ta ly t ic  react iv i ty  [4] .  In spite 
o f  these studies on  mixed  t in and a n t i m o n y  ox ide  systems the re  are various 
aspects on  which no unif ied i n fo rma t ion  has so far  emerged,  and the  fol low- 
ing ques t ions  arise. 
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(1) In the  subs t i tu t ional  solid solut ions,  what  is the mechanism o f  charge 
balance and how does this a f fec t  the  electrical p roper t ies  o f  the  resul tant  
sys tem? 

(2) If a n t imony  were  to  be enr iched on  the  surface,  what  is the  driving 
force  for  this? Does this result  in changes in the  surface energy? Can segrega- 
t ion  also occu r  as a result  of  catalyt ic  reac t ion?  

(3) It is usually implied tha t  the  resul tant  ac id-base  p roper t i es  o f  the  
systems are responsible  for  the  observed cata lyt ic  act ivi ty.  This impl ica t ion  
gives rise to the  fol lowing quest ions.  

(a) What is the  actual  active ox ida t ion  state of  the  ions? 
(b) What  is the  geome t ry  or  coo rd ina t i on  o f  the  active ions? 
(c) How is the concen t r a t i on  o f  these sites al tered as a result  o f  surface 
en r i chmen t?  
(d) What is t he  na ture  o f  the  actual  active site f rom the  fol lowing postu-  
lates? (i) Isolated an t imony( I I I )  cat ions are su r rounded  ent i re ly  by 
t in( IV)  cat ions in neares t -ne ighbour  posi t ions [5] .  (ii) Tin ions are 
su r rounded  ent i re ly  by  a n t i m o n y  ions. (iii) A n t i m o n y  ions are sur rounded 
by four  or fewer  tin ions. (iv) A n t i m o n y ( I I I )  and a n t i m o n y ( V )  [6] ions 
occu r  in small part icles o f  Sb204.  
(e) What are the  impl icat ions  o f  phase segregation and the  presence  o f  
interfaces  on the  observed  cata lyt ic  pe r fo rm an ce?  
(f) Is it t rue  tha t  the  role o f  the  tin ox ide  c o m p o n e n t  is to  provide  a 
ma t r ix  which is capable of  suppor t ing  high concen t ra t ions  o f  a n t i m o n y  
in a p r ope r  ox ida t i on  state and conf igura t ion?  
The  present  article is based on an analysis of  da ta  r epor ted  in the  

l i tera ture  in an a t t e m p t  to ob ta in  some answers to  these quest ions .  

2. M e thod  o f  p repa ra t ion  

A whole  range o f  catalysts  with varying compos i t ions  o f  mixed  t in  and 
a n t i m o n y  oxides  have been p repared  by  coprec ip i ta t ing  t in( IV)  and 
a n t i m o n y ( V )  chlor ides  as h y d r o x i d e s  and calcining t h em  at various t emper -  
atures in the  range 400 - 1050 °C [1] .  The  catalysts  thus  ob ta ined  are 
expec t e d  to  be a more  in t imate  m ix tu r e  o f  oxides  o f  t in and a n t i m o n y ,  and 
so this m e t h o d  is p re fe r red  to  the  solid state react ions  be tween  the  respective 
oxides  [2,  7] .  

3. Solubi l i ty  l imit  o f  a n t i m o n y  in t in  d iox ide  

There  appear  to be some open  ques t ions  on  the  actual  range over  which 
a subs t i tu t ional  solid solut ion is possible.  This s i tua t ion arises because 
subs t i tu t ional  solid so lu t ion  fo rma t ion  should resul t  in a balance in charge in 
the  sys tem and the  possible lower  ox ida t ion  state of  an t im o n y ,  an t imony( I I I ) ,  
may  not  be a c c o m m o d a t e d  in the  oc tahedra l  posi t ions  available in the  ruti le 
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phase. From an analysis of  the dependence of  the electrical conduct ivi ty of  
the catalysts on their  composi t ion,  Lemberanskii e t  al. [8] have concluded 
that a solid solution of  an t imony in tin dioxide is possible up to a maximum 
ant imony concentra t ion of  10 at.%. This is not  in agreement with the results 
of  the X-ray investigation by Pyke e t  al. [6]. On addition of  ant imony to 
tin dioxide an increase in the lattice parameters a and c of tin dioxide has 
been reported [9].  However, an increase in the ant imony content  beyond 
5 at.% had no effect  on the lattice parameters of  tin dioxide. This indicates 
that  a maximum of 5 at.% Sb is soluble in tin dioxide after calcination at 
1150 °C. The conduct ivi ty  maximum observed around 3 at.% Sb is substan- 
tiated by recent photoe lec t ron  spectroscopy measurements which showed 
that at this level of  substitution the profile for  the density of  states 
approximates well to that  predicted by free-electron theory  [10]. It should 
be remembered that  this is the composit ion {namely 3 at.% Sb) where 
maximum activity for the oxidat ion of  propylene has been observed [11];  
fur thermore,  the M6ssbauer spectrum obtained for this composi t ion corre- 
sponds to a high electron density at the ant imony nuclei [12].  From 
observations of the appearance of ant imony(V) resonance, Berry [13] has 
concluded that  an equilibrated rutile-type solid solution containing about  
4 at.% Sb in the bulk with a surface enriched to about 25 at.% Sb can be 
obtained.  

The solubility of ant imony in tin dioxide is fur ther  confirmed by the 
observation that  the MSssbauer spectrum of  the material containing 4 at.% Sb 
shows only ant imony(V) resonance [13]. The 121Sb M5ssbauer spectrum of  
completely dehydrated mixed tin and ant imony oxides (calcined around 
600 °C) with an ant imony content  greater than 10 at.% showed the presence 
of  both ant imony(V) and ant imony(IID (the ant imony(III)  content  increas- 
ing with increases in the calcination temperature}. However, although the 

~gsn MSssbauer parameters increase with increasing ant imony concentrat ion,  
they do not  show the presence of  tin(II) [13]. In fact, the mixed tin and 
an t imony oxide systems calcined at temperatures lower than that  at which 
Sb204 is volatilized showed 121Sb MSssbauer spectra which are indicative of  
the dominance of Sb204. On the basis of the MSssbauer spectral data Berry 
[13] agrees with the conclusions of  Pyke e t  al. [6] that  calcination induces 
structural changes in an initially homogeneously precipitated material and 
leads to the segregation o f  excess ant imony to the surface to form a separate 
SbzO4 phase. 

All these studies show that the solubility of  ant imony in tin dioxide is 
restricted to a limited extent ,  of  the order  o f  5 at.%. 

4. Active sites in mixed tin and antimony oxides 

There are various postulates regarding the nature of  the active sites in 
the mixed tin and ant imony oxide systems. The observation that  these 
systems in their active phases lead to the segregation of ant imony to the 
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surface suggests tha t  the  active sites should involve an t im o n y  ions in a 
geometr ica l  conf igura t ion  su r rounded  by  nex t -ne ighbour  t in ions. The  
available evidence for  this pos tu la te  is as follows. 

(1) The  pure  Sb204 phase is relatively inactive for  the ox ida t ion  react ion 
[ 3 , 1 1 , 1 4 - 1 6 1 .  

(2) The  absence o f  r educ t ion  o f  t in(IV)  and the  observa t ion  o f  the  
presence  of  an t imony( I I I )  by means  of  MSssbauer spec t roscopy  [11]  showed 
tha t  easy oxyge n  loss is possible as a result  of  the  r educ t ion  o f  a n t i m o n y ( V )  
ions to  a n t i m o n y ( I l l )  species. 

(3) Since active catalysts  are o f t en  calcined c o m p o u n d s  it has been 
deduced  tha t  the  a n t i m o n y  ions segregate and assume asymmet r ic  sites 
su r rounded  ent i re ly  by  t in(IV)  cat ions in neares t -ne ighbour  posi t ions  and 
tha t  t hey  are the  active sites wi th  ac id-base  proper t ies  required for  the  
selective ox ida t i on  o f  olef ins [ 17 ]. 

(4) The  acid and base sites of  the  catalyst  surface,  fo rmed  by neighbour-  
ing t in(IV)  and an t imony( I I I )  species respect ively,  have been shown to be 
the  sites fo r  cyclic c o m p l e x  fo rma t ion  by p r o t o n  rear rangement  in the  
adsorp t ion  and i somer iza t ion  o f  n-butenes  [ 18].  

(5) The observed e lec t ron  spin resonance  signal at g ~ 1.89 is associated 
with e lect rons  t r apped  in anionic vacancies,  and these systems show high 
an t i mony( I I I )  con ten t s  [19] .  

(6) The  observa t ion  tha t  the  yield of  CO2 decreased rapidly with 
decreasing t in c o n c e n t r a t i o n  at  t he  surface indicates tha t  t in cat ions 
su r rounded  by  o the r  t in ions are favourable  sites for  the  comple t e  combus-  
t ion  reac t ion  [20] .  

Al though the re  is overwhelming evidence for  the  en r i chmen t  o f  
a n t i m o n y  at t he  surface (this en r i chmen t  being a func t ion  of  the  a n t i m o n y  
c o n c e n t r a t i o n  as well as of  the  calc inat ion t e m p e r a t u r e  (Table 1)) it appears  
tha t  an active ca ta lys t  c anno t  con ta in  a comple t e  layer  of  Sb204 on the  
surface.  This is evident  f rom the  fact  tha t  Sb204 as such is inactive,  and 
selective chemical  d issolut ion of  the  inactive Sb~O4 phase in hydroch lo r i c  
acid causes an increase in the  act ivi ty of  the  system [ 21].  These  results have 
been  t aken  to mean  tha t  surface a n t i m o n y  species which exper ience  no 
d i rec t  or  near -ne ighbour  S b - S b  in te rac t ions  are the  active sites. In this con- 
f igurat ion it m a y  mean  tha t  a n t i m o n y  ions su r rounded  by four  or fewer  t in 
ions a lone can func t ion  as selective ox ida t ion  cata lys t  sites. There  has been 
considerable  d o u b t  w h e t h e r  the  ma t r ix  is the  solid solut ion of  a n t i m o n y  in 
t in(IV)  ox ide  or  pure  t in ox ide  itself [6] .  This aspect  can be easily resolved 
as the  active phase is usually calcined a round 900 °C wherein  the solid 
solut ion f o r m a t i o n  is facile and hence  should fo rm the  suppor t ing  mat r ix  for  
Sb204.  This is also deduced  f rom a calculat ion of  the  a n t i m o n y  co n t en t  in 
the  bulk of  various mixed  tin and a n t i m o n y  catalysts  calcined at 950 °C. 
These  results,  deduced  f rom da ta  r epo r t ed  in the l i tera ture ,  are given in 
Table  2. 

The  possibi l i ty o f  local izat ion and strong binding of  e lectrons with 
a n t i m o n y  a toms available at the  surface,  ra ther  t han  with tin a toms,  has 
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TABLE 1 

Effect of the calcination temperature of mixed tin and antimony oxide catalysts on the 
surface enrichment of ant imony and the catalytic activity [ 5 ] 

Sb content Calcination Surface Sb Specific activity 
(at.%) temperature content for butadiene 

(°C) (at.%) formation 
(/3mol m- 2 min-I  ) 

4 400 3 0.3 
500 4 0.5 
600 7 0.7 
700 11 1.2 
800 15 1.3 
900 20 1.5 

1000 22 3.3 
2o 4oo 22 o.2 

500 23 0.3 
600 26 0.6 
700 30 0.8 
8oo 34 2.2 
900 37 3.5 

1000 36 3.2 
40 400 32 0.5 

500 34 0.6 
600 36 1.0 
700 37 1.4 
800 36 1.5 
900 45 2.3 

1000 30 2.1 
68 40O 68 0.3 

500 68 0.3 
600 68 0.6 
700 62 1.5 
800 40 2.4 
900 49 0.8 

1000 46 1.3 
83 600 93 0.2 

700 92 0.3 
800 50 3.7 
90O 54 1.3 

b e e n  c o n s i d e r e d  to  p r o v i d e  t h e  t h e r m o d y n a m i c  d r iv ing  fo rce  for  t h e  sur face  
e n r i c h m e n t  o f  a n t i m o n y  [ 2 2 ] .  H o w e v e r ,  n o  c o n c l u s i v e  s t a t e m e n t  based  o n  
f i rm e x p e r i m e n t a l  e v i d e n c e  is pos s ib l e  at  p r e s e n t .  

A l t h o u g h  P y k e  et  al. [6]  have  ca r r i ed  o u t  de t a i l ed  X- ray  a n d  e l e c t r o n  
m i c r o s c o p y  i n v e s t i g a t i o n s  to  d e t e r m i n e  t h e  s t r u c t u r e  o f  t h e  m i x e d  t i n  a nd  
a n t i m o n y  o x i d e  ca t a ly s t s ,  t h e y  f ina l ly  c o n c l u d e  t h a t  t h e  ro le  o f  t i n  is r a t h e r  
o b s c u r e ,  as is e v i d e n t  f r o m  t h e i r  s t a t e m e n t  t h a t  t i n  m a y  s i m p l y  p r o v i d e  a 
d i s o r d e r e d  m a t r i x  w h i c h  can  s u p p o r t  h igh  c o n c e n t r a t i o n s  o f  t h e  ac t ive  
species  or  a l t e r n a t i v e l y  it m a y  have  a m o r e  f u n d a m e n t a l  ro le  in p r o m o t i n g  
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TABLE 2 

Calculated atomic per cent of antimony remaining in the bulk of the mixed tin and 
antimony oxide catalysts 

A m o u n t  Specific surface Number  o f  A m o u n t  o f  Sb Calculated amount  
o f  Sb area a layers at the surface o f  Sb remaining in 
(at.%) (m 2g 1) assumed to as determined the bulk 

represent by XPS a,b (at.%) 
the surface (at.%) 

1.5 3.6 5 11.1 2.0 
5 11 10 17.6 1.9 

10 5 20 31.8 5.2 
20 4.8 40 35.0 l 2.0 

a Taken from ref, 11. 
b XPS, X-ray photoelectron spectroscopy. 

the  cata lyt ic  ox ida t ion  react ions.  However ,  t h ey  d o u b t  the  validity o f  this 
pos tu la te  because of  the  assumpt ion  tha t  there  are no significant s t ructural  
changes taking place in the  oxides  during the  cata lyt ic  react ion.  

There  are o the r  pos tu la tes  for  active sites in the  mixed  tin and a n t i m o n y  
ox ide  systems which include the  fol lowing.  

(a) Gem SbS+=O groups are responsible for  the  observed oxidat ive  
d e h y d r o g e n a t i o n  proper t ies  and the  second meta l  ion adsorbs the  gaseous 
oxygen  to  reoxid ize  the  r educed  a n t i m o n y  ions [ 23] .  

(b) Boudevil le  e t  al. [11] have pos tu la ted  tha t  t he  cata lyt ic  phase 
responsible  for  selective ox ida t i on  is the  Sb204 phase lying at the  surface o f  
a solid so lu t ion  of  a n t i m o n y  in t in d iox ide .  

(c) According to Godin  e t  al. [24]  the  active sites for  selective ox ida t ion  
of  p r o p y l e n e  consist  o f  oc tahedra l ly  coo rd ina t ed  a n t i m o n y ( V )  ions dissolved 
in the  tin d iox ide  lat t ice.  

The val idi ty o f  each o f  these pos tu la tes  has no t  ye t  been unambiguous ly  
established.  

5. Ac id -base  p roper t i e s  

In general,  acidic p roduc t s  are op t imal ly  f o rm ed  over  cata lysts  o f  high 
acidi ty  and basic p roduc t s  are favoured  over  catalysts  of  high surface basicity. 
However ,  excessive acidi ty  leads to comple t e  ox ida t ion ,  whereas  excessive 
basici ty lowers the  act ivi ty [25] .  Mixed oxides  of  t in and a n t i m o n y  have 
been shown to exhibi t  acidic act ivi ty in the  p r o p e n e - D 2 0  exchange react ion 
[26] .  F o r  high activity in part ial  ox ida t ion  react ions  the  presence  o f  acid 
and base sites of  o p t i m u m  st rength is required  [17,  20] .  Pure a n t i m o n y  
oxide ,  fo r  example ,  which has on ly  basic sites, is relatively inactive for  part ial  
ox ida t ion  react ions .  A cor re la t ion  has been ob ta ined  be tween  the  fo rm a t io n  
o f  CO2 in the  ox ida t ion  reac t ion  and the  surface acidi ty [20] .  Initial addi t ion  



237 

of ant imony (up to 10 at.%) to tin dioxide leads to a decrease in both the 
acidity and the basicity of  the catalyst. However, in propylene oxidation the 
maximum activity is around 3 at.% Sb. This indicates that  the opt imum 
strength of  acidic and basic sites is necessary for propylene oxidation. In the 
oxidat ion of  butene the maximum activity observed by McAteer [20] of  
around 33 at.% Sb is at t r ibuted to the high basicity of  the catalyst. However, 
Irving and Taylor  [27] and Sala and Trifiro [14] have observed two maxima 
in the activity pat tern of  butene oxidation,  one at around 25 at.% Sb and the 
other  at around 75 at.% Sb. Irving and Taylor  [27] have measured the 
BrCnsted acidity of  mixed tin and ant imony oxides by (i) isomerization of 
3 ,3-dimethylbut- l -ene  and (ii) dehydrat ion of  isopropyl alcohol. They have 
observed two maxima in the BrCnsted acidity of  the mixed oxides at around 
the same atomic per cent ant imony and hence they concluded that  the 
BrCnsted acidity can be correlated with the activity for  l -butene oxidat ion 
(Fig. 1, curves 2 and 3). However, the maximum BrCnsted acidity is found 
to occur in a composi t ion range which is different  from that  at which the 
maximum activity is observed for the selective oxidat ion of  propene to 
acrolein. 

These studies have not  established that acid-base properties are 
exclusively involved in the oxidat ion reaction. Even if they  are involved it is 
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Fig. 1. Catalytic act ivi ty o f  the  mixed  tin and a n t i m o n y  oxide  catalysts  as a func t ion  of  
the  a n t i m o n y  c o n t e n t :  curves 1, 2, rate of  butadiene  fo rma t ion  in the  ox ida t ion  of  
1-butene (data f rom refs. 5 and 14 respect ively) ;  curve 3, rate  of  p ropy lene  fo rma t ion  
f rom isopropyl  a lcohol  (data f rom ref. 27); curve 4, rate of  acrolein fo rma t ion  in the  
ox ida t ion  o f  p ropy lene  (data f rom ref. 15); curves 5, 6, rate o f  p ropy lene  convers ion  
(data f rom refs. 3 and 11 respect ively) .  
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not  y e t  clear wha t  is the  actual  s t rength  of  these  sites necessary  to  p r o m o t e  
pre fe ren t ia l  par t ia l  or  t o t a l  ox ida t ion .  I f  a range o f  cent res  is available wi th  
varying acidic or  basic s t rengths ,  the  e x p e c t e d  var ia t ion  in act ivi ty  and /o r  
select ivi ty  has no t  ye t  been  establ ished.  Wi thou t  this i n f o r m a t i o n  these  
concep t s  m a y  no t  be  useful  for  ca ta lys t  select ion.  

6. Cata ly t ic  p rope r t i e s  

The  m i x e d  tin and a n t i m o n y  ox ides  have been  exp lo i t ed  ex tens ive ly  as 
o x i d a t i o n  ca ta lys t s  [ 2 8 - 3 2 ] .  The  phys i cochemica l  character is t ics  o f  the  
mixed  tin and a n t i m o n y  ox ide  ca ta lys t s  are given in Table  3 and the  detai ls  
o f  r eac t ion  t ypes  in which  this series o f  ox ide  ca ta lys ts  has been  used are 
given in Tab le  4. I t  is obse rved  tha t  the  act ivi ty  for  p r o p y l e n e  convers ion  
passes t h r o u g h  a m a x i m u m  at a b o u t  3 at.% Sb (Fig. 1) while  the  select ivi ty  
for  acrolein in p r o p y l e n e  o x i d a t i o n  increases  initially up to  a b o u t  20 at.% Sb 
and t h e n  remains  s t eady  wi th  f u r t h e r  addi t ions  of  a n t i m o n y  (Fig. 2). I t  has 
been  shown  tha t  the  act ive sites for  this select ive behav iou r  are in t he  Sb204 
phase  segregated to  the  sur face  wi th  a m a t r i x  conta in ing  a so lu t ion  of  
a n t i m o n y  in t in  d iox ide  or  excess t in d iox ide .  The  p resence  of  a n t i m o n y  ions 
in close p r o x i m i t y  to  t in ions t h e r e f o r e  cons t i t u t e s  the  act ive sites, which  can 
arise as a result  o f  d i sordered  mate r i a l  wi th  a re la t ively h o m o g e n e o u s  non-  
crystal l ine solid phase  which  can  exist  over  a wide  s to i eh iome t r i c  range  of  t in 
to a n t i m o n y .  In the  initial per iods  o f  olef in  ox ida t ion  on oxide  ca ta lys ts ,  
a decrease  in the  to ta l  ac t iv i ty  and an increase in t he  select ivi ty  fo r  select ive 
o x i d a t i o n  are usual ly  obse rved ,  which  are a t t r i bu t ed  (1) to t h e  dep le t ion  of  
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Fig. 2. Variat ion in the  selectivity for butadiene  and acrolein in mixed  t in and an t i mo n y  
oxide  catalysts  as a func t ion  of  the  a n t i m o n y  c o n t e n t :  curves 1, 2, percentage  selectivi ty 
for bu tad iene  in the  ox ida t ion  o f  1-butene (data from refs. 14 and 20 respect ively);  
curves 3, 4, 5, percen tage  selectivity for acrolein in the  ox ida t ion  of  p ropy lene  (data f rom 
refs. 11, 3 and 15 respect ively) .  
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P h y s i c o c h e m i c a l  c h a r a c t e r i s t i c s  o f  t h e  m i x e d  t i n  a n d  a n t i m o n y  o x i d e  c a t a l y s t s  

2 3 9  

Sb content  Calcination Specific Electrical E c for E a for oxidative 
(at.%) temperature surface conduc- conduction dehydrogenation 

(°C) area tivity o f  I -butene or 
(m 2 g - l )  ( ~ - 1  isopropyl alcohol 

cm -1) (kJ  mo1-1) 

Refer- 
ence 

A t  435 °C 
0 (SnO2) 500 25 4.9 X 10 - s  113 kJ  tool  -1 
1.5 31.5 1.2 × 10 -2 50 kJ  tool  -1 
5 43.5 5.7 × 10 -2  8.4 kJ  tool  - l  

10 63 5.8 × 10 -2 4.2 kJ  tool  -1 
20 92 2.5 x 10 -2  4.2 k J  mo l  - l  
40 100 1.0 × 10 -2 0 
70 15 9.4 x 10 -6  56.5 k J  mo1-1 

100 2.7 2.0 x 10 -1° 134 kJ  mo1-1 

0 (SnO2) 600 16 
5.9 40 
7.3 34 

26.5 48 
33.1 56 
51.9 55 

100 44 

A t  380 °C 
0 ( S n 0 2 )  800 9.2 --  - -  
5 8.2 4.6 X 10 -2  0.10 eV 

12 10.5 0 . 9 X 1 0  2 0 . 2 6 e V  
20 8.3 1 . 4 X 1 0  2 0 . 2 5 e V  
50 5.5 0.7 × 10 2 0.20 eV 
80 3.2 1 . 7 X 1 0  s 0 . 2 3 e V  

100 0.4 4.7 × 10 -1° 1.71 eV 

[3]  

1 -Butene 
142 [20] 
103 
78 
64 
57 
59 
45 

Isopropyl  alcohol 
104.8 [33 ]  

99.8 
81.9 
89.3 

131.7 
92.6 

123.1 

loosely held surface oxygen [43], (2) to the changes in the valence state of  
the cations in the catalyst [24] and (3) to the coverage of the active centres 
with irreversibly adsorbed hydrocarbons [44]. In an at tempt to elucidate 
this aspect through the study of  isobutylene oxidation over mixed tin and 
ant imony oxide catalysts Rostevanov et  al. [35] have shown that  the com- 
plete combustion product  (CO2) is formed (i) directly from isobutylene and 
(ii) through the combustion of  condensation products deposited onto the 
surface. This study is particularly interesting in the sense that  the mixed tin 
and ant imony oxide catalysts like any other oxidation catalysts [45 ] promote 
the complete combustion reaction both by consecutive and by direct 
reaction pathways. In addition, this study establishes the poisoning effect 
due to adsorption of  condensation products, mainly intermediates of  
hydrocarbon oxidation. This aspect can also be applicable to other selective 
oxidation catalysts and needs careful examination. 
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From detailed X-ray photoe lec t ron  spectroscopy (XPS) studies Vedrine 
[34] has concluded that  the selective mixed tin and ant imony oxide catalyst is 
composed of  an Sb204 phase lying on a solid solution of  ant imony(V) in tin 
dioxide and that  the observed catalytic activity is directly related to the sur- 
face concentra t ion of  an t imony as determined by XPS. The data supporting 
the latter conclusion have been taken from ref. 5 and are presented in Table 1. 

In the decomposi t ion of isopropyl alcohol in the absence of gas phase 
oxygen over mixed tin and ant imony oxide, with 80 at.% Sb, both dehydro-  
genation and oxidative dehydrogenat ion are found to occur. During the 
reaction tin dioxide is found to undergo irreversible reduction to metallic 
tin while Sb204 is found to undergo reversible reduction to Sb203 [42]. 
In the presence of gas phase oxygen, isopropyl alcohol undergoes only 
oxidative dehydrogenat ion over mixed tin and ant imony oxides and all 
composit ions of the catalyst (5 - 80 at.% Sb) have the same oxidative 
dehydrogenat ion activity and nearly the same selectivity (80%) for acetone. 
In the presence of gas phase oxygen,  product  acetone is found to undergo 
complete  combust ion to CO2 at a faster rate than the reactant isopropyl 
alcohol. It is concluded that  the active phase for the oxidative dehydro-  
genation of  isopropyl alcohol in the presence of gas phase oxygen is the 
8b204 phase formed as a two-dimensional  layer on the tin dioxide matrix 
[331. Portefaix et  al. [46] have also stated that the actual mixed tin and 
ant imony oxide catalyst consists of  an oriented film of a two-dimensional 
Sb204 layer supported by an an t imony(V)- t in  dioxide solid solution. 
A linear correlation has been established between the initial rate of  acrolein 
format ion from propylene and the mole per cent of  acetone obtained per 
square metre by oxidative dehydrogenat ion of isopropyl alcohol over the 
mixed tin and ant imony oxides [33 ]. 

Examinat ion of scanning electron micrographs of  samples of mixed tin 
and ant imony oxides reveals that  the samples possess a variable microstructure.  
The samples thus prepared [33] probably exhibit  increased group or cluster 
formation with increases in the ant imony content .  Isolated ant imony ions 
surrounded by tin ions may be readily obtained at low levels of ant imony 
and, with increases in the ant imony content ,  cluster formation probably 
leads to a reduct ion in the number  of  active centres available at the surface. 
However, the consequent  variation in the microstructure of the samples has 
also to be taken into account to rationalize the activity patterns observed 
with these samples. 

In conclusion, it can be stated that,  although there appears to be a 
concurrence of  the available concepts regarding the nature of the active 
sites, the necessary acid-base strengths of  these sites and the necessity of 
segregation of ant imony in the mixed tin and ant imony oxide oxidation 
catalysts, the applications of newer surface analytical tools have not  ye t  
succeeded in resolving completely the requisites of  a typical selective oxida- 
t ion catalyst. It is gratifying to note that,  although a complete rationalization 
of  the behaviour of  mixed tin and ant imony oxide catalysts has not  yet  been 
achieved, some agreement has been obtained between the various postulates. 
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