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Summary 

Typical Sn-80at .%Sb mixed oxide undergoes structural reduct ion 
during the decomposi t ion of  isopropyl alcohol in the absence of gas phase 
oxygen,  and the active phase may contain metallic tin and Sb:O3. However, 
in the presence of  oxygen the catalyst retains its structural stability and 
acetone is the major product  together  with small amounts  of CO: and 
propylene.  Product  inhibition studies with acetone reveal that  oxidation of 
the acetone to CO2 occurs in preference to oxidat ion of  isopropyl alcohol. 
The effect of  the partial pressure of  isopropyl alcohol and the partial pres- 
sure of  oxygen on the decomposi t ion of  isopropyl alcohol was investigated. 
The presence of  a large excess of oxygen favours CO: formation,  whereas 
smaller amounts  of  oxygen favour acetone formation.  A possible mechanism 
for the reaction in the presence of  gas phase oxygen is proposed. 

1. In t roduct ion  

Mixed oxides of  tin and ant imony are good catalysts for  selective oxida- 
tion and ammoxidat ion  of  olefins [1 - 5]. Most workers [6 - 8] have stated 
that  the format ion of  a solid solution of  Sb s+ in SnO 2 is an important  factor 
in the catalytic behaviour of these materials. According to the reports of 
Boudeville e t  al. [9] ,  the selectivity for acrolein in propylene oxidation in- 
creases when the amount  of  ant imony at the surface is increased; this occurs 
when the ant imony concentra t ion is enhanced or when the calcination tem- 
perature is increased. According to Boudeville e t  al., the active phase is 
Sb:O4 lying at the surface of  a solid solution of ant imony(V) in SnO:.  The 
specific activity for the formation of  butadiene from 1-butene has been 
related by Herniman e t  al. [10] to the concentra t ion of  ant imony cations at 
the surface. The active sites for the format ion of  butadiene have been 
identified by Herniman e t  al. as isolated ant imony cations surrounded 
entirely by tin ions as nearest neighbours. The selectivity for butadiene for- 
mation from 1-butene has been found to increase with increases in the 
ant imony content  in Sn-Sb oxide catalysts [11].  Christie e t  al. [12] have 
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reported that  in Sn-Sb mixed oxide catalysts the highest selectivity for 
acrolein in propylene oxidation has been observed with the catalyst contain- 
ing 75 at.% Sb. In the light of the above observations, it was considered 
worthwhile to investigate the structural stability of Sn-Sb mixed oxide 
catalysts under catalytic reaction conditions. In the present paper the results 
obtained on the mixed oxides of tin and ant imony containing 80 at.% Sb for 
a typical model catalytic reaction, namely isopropyl alcohol decomposition 
in the presence and in the absence of gas phase oxygen, are dealt with. 

2. Experimental details 

Sn-80at.%Sb mixed oxide was prepared from SnC12.2H20 and SbC13. 
The calculated amounts of SnC12. 2H2 O and SbC1 a were dissolved in a min- 
imum amount  of concentrated HC1 and then 12.5% NH4OH was added slow- 
ly with stirring until pH 7 was reached. The precipitate obtained was 
digested in a water bath for 3 h, filtered, washed several times with distilled 
water until the filtrate was free from ammonium and chloride ions and then 
dried in an oven at 100 °C overnight. The solid was then calcined in air at 
600 °C for 16 h and subsequently calcined at 800 °C for 5 h. The X-ray d 
spacing values of the fresh catalyst correspond to SnO2 and Sb204 (Fig. 1). 
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Fig. 1. X-ray d spacing values for catalysts under various conditions: (a) $b203; (b) o~-Sn; 
(c) Sb204 (cervantite); (d) SnO2 (cassiterite); (e) regenerated catalyst; (f) after reaction in 
the absence of oxygen; (g) fresh catalyst. 
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The surface area of this fresh catalyst determined by using the Brunauer-  
Emmet t -Tel ler  nitrogen adsorption method was 3.2 m 2 g-~. Catalytic de- 
composition of isopropyl alcohol was carried out  in the temperature range 
360-  460 °C using a conventional flow-type fixed-bed reactor working at 
atmospheric pressure. The liquid products were analysed by using gas 
chromatography, whereas the gaseous products were analysed with an Orsat 
gas analyser. In partial pressure experiments, nitrogen was used as a diluent 
to vary the partial pressures. 

3. Results and discussion 

In the absence of gas phase oxygen, Sn-80at.%Sb oxide was found to 
promote both the simple dehydrogenation and the oxidative dehydro- 
genation of isopropyl alcohol: 

CHaCHOHCH3 ~ CH3COCH3 + HE 

CH3CHOHCH3 + Ocatalyst ) CH3COCH3 + H20 

Isopropyl alcohol under the reaction conditions undergoes decomposition to 
give acetone with almost 100% selectivity in the absence of gas phase 
oxygen. However, Irving and Taylor [13] have reported that propylene is the 
main product in the decomposition of isopropyl alcohol over an Sn-(19.6 - 
75)at.%Sb oxide catalyst (evacuated at 133 )< 10 -6 N m -2 at 425 °C for 16 h) 
in a static reactor in the absence of oxygen at 135 °C with an initial pressure 
of  isopropyl alcohol of 0.67 kN m -2. They observed that  acetone was 
formed in 90% yield when the concentration of ant imony was less than 
6.1 at.%. 

CO2 was not  formed when reactions were carried out  in the absence of 
oxygen. However, small quantities (about 0.2 mol.%) of propylene were also 
found in the product.  The fresh catalyst was initially highly active and the 
activity fell sharply up to about 16 runs and then the only reproducible 
results were observed when reactions were carried out  in the absence of 
oxygen. In all these experiments the molar percentage of hydrogen obtained 
was always less than the molar percentage of acetone obtained (Table 1). 
The Arrhenius parameters calculated for the reactions are given in Table 2. 
The catalyst was found to undergo structural changes when the reactions 
were carried out  in the absence of oxygen. On the basis of the X-ray diffrac- 
tion patterns for the catalysts under various conditions (Fig. 1) the following 
deductions were made: (i) composition of the fresh catalyst, SnO 2 + Sb204; 
(ii) composition after reaction with isopropyl alcohol in the absence of gas 
phase oxygen, SnO2 + Sn + Sb204 + Sb2Oa; (iii) composition after regenera- 
tion with air for 5 h at 480 °C, SnO2 + Sn + Sb204. 

Sb204 is reported to be reduced to Sb203 at about 400 °C [14] and 
Sb203 can be reoxidized back to Sb204 by heating in air at about the same 
temperature. Reduction of SnO2 by hydrogen begins at about 170 °C but its 
reoxidation to SnO2 occurs only at about 2260 °C [15]. Thus it is probable 
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TABLE 1 

Decomposition of isopropyl alcohol over Sn-80at.%Sb mixed oxide in the absence of gas 
phase oxygen 

Contac t  t ime  
(s) 

A c e t o n e  (mol.%) at the fo l lowing  tempera tures  a 

4 0 0 ° C  4 2 0 ° C  4 4 0 ° C  4 6 0 ° C  

0.70 3.3 (1.8) 4.5 (2.7) 8.3 (5.9) 10.1 (6.4) 
1.02 5.3 (3.6) 7.8 (5.2) 12.4 (8.2) 16.4 (10.3) 
1.40 7.9 (4.3) 12.8 (8.9) 17.6 (11.8) 22.3 (14.0) 
2.36 12.3 (8.1) 16.6 (10.2) 21.8 (12.8) 26.6 (16.3) 

a Values for hydrogen formation (as a molar percentage) are given in parentheses. 

TABLE 2 

Arrhenius parameters for the decomposition of isopropyl aleohol over Sn 80at.%Sb 
mixed oxide 

Sample  Reac t ion  Ac t i va t ion  energy F r e q u e n c y  fac tor  
(kJmol 1) (s Im 2) 

1 Simple dehydrogenation 76.7 3.3 × l0 s 
in the absence of oxygen 

2 Oxidative dehydrogenation 82.7 4.8 × l0 s 
in the absence of oxygen 

3 Oxidative dehydrogenation 92.6 5.4 × 107 
in the presence of oxygen 

that ,  dur ing the react ion in the absence of  oxygen ,  SnO2 may  be reduced  to 
metallic tin and Sb204 may  be reduced to Sb203. However,  when the 
catalyst  is regenerated,  t in is no t  reoxidized to  SnO2, whereas Sb203 is re- 
oxidized back to Sn204. F o r m a t i o n  of  metallic tin is r epor ted  when  vapours  
of  e thyl  a lcohol  were passed over SnO 2 at 650 °C [15] .  It is also repor ted  
tha t  e thyl  a lcohol  vapour  rapidly reduced SnO2 to SnO at 340 °C and the 
reduc t ion  of  SnO to metallic tin p roceeded  ra ther  slowly [15] .  Con t ra ry  to 
these observations,  Fa t to re  e t  al. [16]  could  no t  de tec t  any s t ructural  change 
in SnO2 after  r educ t ion  with p ropy lene  for  10 min in the absence of  oxygen  
at 550 °C. However ,  they  no t iced  a drop  in convers ion f rom 30% to 10% in 
10 min.  Berry [17]  did no t  observe the fo rma t ion  of  any  Sn 2+ f rom Sn 4÷ 
when he reduced 80a t .%Sn-20a t .%Sb mixed oxide with hyd rogen  at 480 °C. 

Since the catalyst  phase was no t  stable in the absence o f  oxygen ,  reac- 
t ions were carried ou t  in the presence o f  oxygen  to check  the s tructural  
stabili ty o f  the catalyst .  In the  presence o f  oxygen  (an o x y g e n : ( i s o p r o p y l  
alcohol)  molar  ratio o f  1 :2)  the cata lyst  was found  to give stabilized 
p roduc t s  f rom the beginning o f  the  react ion runs. In this case also, ace tone  
was observed to be the main p r o d u c t  bu t  with only  abou t  85% selectivity 
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TABLE 3 

D e c o m p o s i t i o n  o f  i sopropyl  a lcohol  over Sn 80at .%Sb mixed  ox ide  in the presence o f  gas 
phase o x y g e n  ( o x y g e n : ( i s o p r o p y l  a lcoho l )  molar ratio of  1:2) 

Contact time 
(s) 

Acetone (mol .%) at the following temperatures 

360°C 380°C 400°C 420°C 440°C 

0.37 4.4 7.8 12.8 18.6 21.0 
0.53 5.4 10.8 16.9 23.1 35.5 
0.71 6.5 12.3 21.3 33.6 42.3 
0.98 8.6 15.6 34.4 51.4 58.6 

(Table 3).  Small  a m o u n t s  o f  p r o p y l e n e  (about  0 . 3 - 3 . 7  mol.%) and CO2 
(about  0 . 1 -  2.5 mol.%) were  also observed as products  w h e n  the  react ions  
were  carried o u t  in the  presence  o f  o x y g e n .  It shou ld  be recalled here that  
CO2 was n o t  observed  w h e n  the  react ions  were  carried o u t  in the  absence  o f  
o x y g e n .  Germain e t  al. [ 1 8 ]  have  also observed a c e t o n e  as a produc t  wi th  
a b o u t  52% se lect iv i ty  w h e n  t h e y  passed a mi x ture  o f  i sopropy l  a l coho l ,  air 
and a m m o n i a  over  S n - S b  m i x e d  o x i d e  cata lyst  at 4 6 0  °C. Arrhenius  param- 
eters ca lculated  for the  react ions  in the  presence  o f  o x y g e n  are also given in 
Table 2. 

Figure 2 s h o w s  the  results ob ta ined  in terms  o f  m o l e s  f o r m e d  per h o u r  
w h e n  the  react ion  was  carried o u t  in the  presence  o f  various partial pres- 
sures o f  a c e t o n e  or n i trogen.  In the  presence  o f  o x y g e n ,  a c e t o n e  was f o u n d  

o I 

0 7 / 

o o2 04 O6 
[SOPROPYL ALCOHOL PARTIAL PRESSURE 

(aim) 

x 

2.0 
r r  

o 

-20 -- 

Fig. 2. Effect  of  ace tone  and nitrogen on the rate o f  format ion  o f  products  for the 
d e c o m p o s i t i o n  o f  i sopropyl  a lcohol  in the presence o f  gas phase o x y g e n  ( temperature ,  
420 °C; total  contac t  t ime,  0.41 s; partial pressure o f  o x y g e n ,  0.4 arm (cons tant ) ) :  
CO2 f o r m a t i o n ; - - - - - - ,  ace tone  fo rma t ion ;  o, e ,  in acetone; /~ ,  A, in nitrogen.  
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to  undergo  comple t e  c o m b u s t i o n  as deduced  f rom the negative values fo r  the  
moles o f  ace tone  fo rmed  per hour .  In o rder  to  check this, the  reac t ion  with 
ace tone  (0.6 a tm)  and oxygen  (0.4 a tm)  was carried ou t  and the  rate  o f  for- 
ma t ion  o f  CO2 was found  to be a m a x i m u m  (Fig. 2). The  n u m b e r  o f  moles 
of  i sopropyl  a lcohol  reac ted  per hou r  in these exper iments  has been cal- 
cula ted and it is f ound  to  be always less in the  presence  o f  ace tone  than in 
the  presence  of  ni t rogen.  This indicates tha t  ace tone  is inhibi t ing the  iso- 
p ropy l  a lcohol  convers ion.  

The e f fec t  o f  the  partial pressure o f  i sopropyl  a lcohol  as well as o x y g en  
on  the  convers ion was also s tudied using ni t rogen as d i luent  (Fig. 3). It  can 
be seen f rom Fig. 3 tha t  ace tone  fo rma t ion  increases with an increase in the  
partial  pressure o f  i sopropyl  a lcohol ,  whereas  CO2 fo rma t ion  increases with 
an increase in the  partial  pressure o f  oxygen .  In o the r  words,  the  presence  of  
a large excess of  oxygen  favours comple t e  co m b u s t i o n  to CO2, whereas 
smaller a moun t s  of  o x y g e n  favour  ace tone  fo rmat ion .  F ro m  Fig. 3 it is also 
clear tha t  with an increase in the  i sopropyl  a lcohol - to -oxygen  partial  pressure 
ratio, ace tone  f o r ma t ion  increases while CO 2 fo rma t ion  decreases. St roeva 
et  al. [19]  have s ta ted tha t ,  with S n - S b  mixed  ox ide  catalysts ,  to ta l  oxida- 
t ion to CO2 is prefer red  to partial ox ida t ion  of  h y d r o c a r b o n s  when  the  
concen t r a t i on  o f  a n t i m o n y  is greater  than  66 at.%. Ros tevanov  e t  al. [20]  
suggested that ,  when  i sobuty lene  is ox id ized  over  Sn Sb mixed ox ide  
catalysts,  CO2 is fo rmed  in three  d i f fe ren t  ways: (i) d i rec t ly  f rom isobuty lene ;  
(ii) via the  ox ida t ion  o f  the  p r o d u c t  methacro le in ;  (iii) th rough  the burning 
of  the condensa t ion  produc ts  depos i ted  o n t o  the  catalyst  surface.  Similarly,  
in i sopropyl  a lcohol  decompos i t i on ,  CO2 may be fo rmed  in two ways, 
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Fig. 3. Effec t  of  the  part ial  pressure of  i sopropyl  a lcohol  ( - - )  ( c o n s t a n t  part ial  pressure 
of  oxygen ,  0.4 a rm)  and  ef fec t  of  the  part ial  pressure of  oxygen  ( . . . .  ) ( cons t an t  part ial  
pressure of  i sopropy]  a lcohol ,  0.4 a t m )  on  the  convers ion  (in mole  per  cen t )  of  i sopropyl  
a lcohol  to CO2 (o) and  ace t one  (~) ( t empera tu re ,  420  °C; total  con tac t  t ime,  0.41 s). 
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n a m e l y  d i r e c t l y  f r o m  i s o p r o p y l  a l c o h o l  o r  t h r o u g h  t h e  o x i d a t i o n  o f  t h e  

p r o d u c t  a c e t o n e .  
T h e  X - r a y  d i f f r a c t i o n  p a t t e r n s  f o r  (i)  t h e  f r e sh  c a t a l y s t ,  (i i)  t h e  c a t a l y s t  

a f t e r  r e a c t i o n  w i t h  i s o p r o p y l  a l c o h o l  in  t h e  p r e s e n c e  o f  gas p h a s e  o x y g e n  a n d  

( i i i )  t h e  r e g e n e r a t e d  c a t a l y s t  w e r e  f o u n d  t o  b e  t h e  s a m e .  H e n c e  i t  is c o n c l u d e d  
t h a t  t h e  c a t a l y s t  d o e s  n o t  u n d e r g o  a n y  d e t e c t a b l e  s t r u c t u r a l  c h a n g e  w h e n  
r e a c t i o n s  w e r e  c a r r i e d  o u t  w i t h  o x y g e n  in t h e  f e e d .  A n t i m o n y  t e t r o x i d e  c a n  
be  c o n s i d e r e d  as Sb3+SbS+O 4. Sb s+ m a y  b e  t h e  a c t i v e  s i t e  f o r  t h e  r e a c t i o n  
a n d ,  o n c e  Sb  s÷ is r e d u c e d ,  i t  m a y  b e  r e o x i d i z e d  t h r o u g h  Sn 4+ a c c o r d i n g  t o  

t h e  f o l l o w i n g  s t e p s  [ 1 9 ] :  

during reaction Sb3+ 
Sb s+ ) 

with isopropyl alcohol 

Sb 3+ + Sn 4+ ) Sb s+ + Sn 2+ 

1 0 2 ( g )  ' Sn 4+ + 0 2 Sn 2+ + 

I t  is c o n c l u d e d  t h a t  in t h e  p r e s e n c e  o f  o x y g e n  t h e  c o n c e n t r a t i o n  o f  
Sb s+ i ons  is m a i n t a i n e d  c o n s t a n t  a n d  SnO2 d o e s  n o t  u n d e r g o  r e d u c t i o n .  
H o w e v e r ,  in t h e  a b s e n c e  o f  o x y g e n  t h e  r e o x i d a t i o n  o f  Sn 2+ f o r m e d  d u r i n g  
t h e  r e a c t i o n  is n o t  p o s s i b l e  a n d  h e n c e  SnO2 u n d e r g o e s  r e d u c t i o n  t o  m e t a l l i c  
t i n .  

Acknowledgment 

T h e  a u t h o r s  a re  g r a t e f u l  t o  t h e  U n i v e r s i t y  G r a n t s  C o m m i s s i o n ,  N e w  
D e l h i ,  f o r  t h e  a w a r d  o f  a t e a c h e r  f e l l o w s h i p  t o  o n e  o f  t h e m  (S .C. ) .  

R e f e r e n c e s  

1 G. W. Godin, C. C. McCain and E. A. Porter, in D. A. Kazanaskii (ed.), Proc. 4 th  Int.  
Congr. on  Catalysis, Moscow,  June  23 - 29, 1968,  Vol. 1, Akademiai Kiado, Budapest, 
1971, p. 271. 

2 M. Crozat and J. E. Germain, Bull. Soc.  Chim. Fr., (1972) 3526. 
3 L. E. Derlyukova, A. V. Krylova and L. Ya. Margolis, Kinet .  Catal., 15 (1974) 127. 
4 N. N. Sazonova, S. A. Venyaminov and G. K. Boreskov, Kinet .  Catal., 15 (1974) 364. 
5 K. Wakabayashi, Y. Kamiya and N. Ohta, Bull. Chem. Soc. Jpn. ,  40  (1967) 2172. 
6 Yu. E. Roginskaya, D. A. Dulin, S. S. Stroeva, N. V. Kulkova and A. I. Gelbshtein, 

Kinet .  Catal., 9 (1968) 943. 
7 G. N. Kustova, D. V. Tarasova, I. P. Olenkova and N. N. Chumachenko, Kinet .  Catal., 

17 (1976) 649. 
8 M. Crozat and J. E. Germain,  Bull. Soc.  Chim. Fr., (1973)1125.  
9 Y. Boudeville, F. Figueras, M. Forrissier, J. L. Portefaix and J. C. Vedrine, J. Catal., 

58 (1979) 52. 
10 H. J. Herniman, D. R. Pyke and R. Reid, J. Catal., 58 (1979) 68. 
11 F. Trifiro and F. Sala, Z. Phys.  Chem. N.F.,  95 (1976) 279. 
12 J. R. Christie, D. Taylor and G. C. McCain, J. Chem. Soc.,  Faraday Trans. I, 72 

(1976) 334. 



232 

13 E. A. Irving and D. Taylor, J. Chem. Soc., Faraday Trans. I, 74 (1978) 206. 
14 J. W. Mellor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, 

Vol. 9, Longmans Green, New York, 1957, p. 436. 
15 J. W. Mellor, A Comprehensive Treatise on Inorganic and Theoretical Chemistry, 

Vo|. 7, Longmans Green, New York, 1957, p. 395. 
16 V. Fattore, Z. A. Fuhrman, G. Manara and B. Notari, J. Catal., 37 (1975) 215. 
17 F . J .  Berry, Inorg. Chim. Acta, 39 (1980) 125. 
18 J. E. Germain, G. Pajonk and S. J. Teichner, J. Catal., 59 (1979) 317. 
19 S. S. Stroeva, A. I. Gelbshtein, N. Y. Kulkova, G. G. Schcheglova, Z. I. Ezhkova and 

Yu. E. Rginskaya, Neftekhimiya, 6 (1966) 412; Chem. Abstracts, 66 (1967), no. 
115101. 

20 Ye. G. Rostevanov, I. B. Annenkova, R. A. Lemberanskii and T. G. Alkhazov, React. 
Kinet. Catal. Lett., 10 (1979) 201. 


