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LETTERS TO THE EDITORS 

On the Mechanism of Ammoxidation of Propylene to Acrylonitrile 

In the ammoxidation of propylene (with 
NH~ and air) to acrylonitrile, the NO 
formed from the oxidation of NH~ may be 
postulated as a common intermediate. 
How this NO reacts further with the allyl 
species will of course depend on the specific 
nature of the catalyst used, the conversion 
level, and other reaction conditions. The 
direct reaction of NO itself with propylene 
for the synthesis of aerylonitrile has been 
studied recently by Zidan etal .  (1, 2) on 
NiO/AI20~ and NiO/SiOrA1203 catalysts 
(at low conversions of propylene). The 
mechanism suggested by them consists of 
the reduction of the catalyst by propylene 
with formation of allyl and further de- 
hydrogenated species, which then form 
acrylonitrile with atomic nitrogen released 
by the dissociation of NO. The catalyst is 
reoxidized by NO. The formation of aceto- 
nitrile is attributed to the oxidation of 
acrylonitrile over a fresh or barely reduced 
catalyst, and that of C02 to the oxidation 
of acrolein. 

In the case of the more extensively 
studied (3) Bi-Mo-O-type catalysts, most 
widely used in the commercial process for 
acrylonitrile, operating at 430 to 480°C 
at high conversions and high selectivities 
and with acetonitrile and hydrogen cyanide 
as important and valuable by-products in 
addition to acetyldehyde, formaldehyde, 
C02, and water, an alternative mechanism 
involving NO as an intermediate is the 
following. 

The late Professor R. J. Kokes once 
suggested (4) that though an adsorbed 
allyl species is the common intermediate 

in both the oxidation and ammoxidation 
of propylene, a peroxide linkage is formed 
in the former case (5), while a direct ad- 
dition of NO (formed from oxidation of 
NH3) to the allyl radical is important in 
the ammoxidation of propylene. This is 
quite in agreement with earlier observa- 
tions (6-8) that (1) an adsorbed allyl 
intermediate is common to both acrolein 
and acrylonitrile, and (2) most of the 
acrylonitrile is formed directly from pro- 
pylene and not via acrolein. The idea of 
NO as an intermediate in the ammoxida- 
tion of propylene is strengthened by the 
following points: (a) Concentrations of 
1 - 2 ~  NO are occasionally found in the 
products during laboratory testing in a 
fluidized bed of commercial B i -Mo-O/  
Si02-type catalysts for the acrylonitrile 
process; (b) direct combination of pro- 
pylene and NO can yield acrylonitrile as 
now reported by Zidan e ta l .  (1, 2) and 
as claimed earlier in the patent literature; 
and (e) among molybdates, bismuth too- 
lybdate has the highest activity for the 
oxidation of NH~ (of. Trifir6 and Pas- 
quon (9)). 

The mechanism proposed by Kokes is 
shown below. 

2NH 3 + 2 1 0 2 - - ~  2NO + 3 H 2 0  

- H  NO H 

CH2 = C H - C H  3 ~' C H 2.,"= C H ..-= C H 2 - - - -~  C H 2 : C H - C  / 
I \  

CH2 =CH_C~N~ -1420 - c .  : c . - c J . l  
t r a n s - e l i m i n a l i o n  2 ~ - ~  . I [ 
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Kokes did not explain how his mecha- 
nism accounts for the formation of acetal- 
dehyde, formaldehyde, acetonitrile, and 
HCN during the oxidation/ammoxidation 
of propylene. However, it is possible to 
make a reasonable extrapolation from his 
basic ideas and forward the following 
tentative reaction mechanisms for the 
formation of the above-mentioned by- 
products in the commercial acrylonitrile 
process. The starting point for all cases 
is the (generally accepted) adsorbed allyl 
intermediate. 

(a) Formation of CH~CHO and CH20. 

I 
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CH2..-~.. CH ~ CH2+ 02 - - I -  C H 2 ~ C H  .'~= C.H 2 
: I : o ~ o  

I 
I 
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0 0 
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C 0 2 +  H20 

(b) Formation of CH3CHO and HCN. 
Here one has to recall that oximes can 
exhibit geometrical isomerism around the 
C=N bond and hence can exist either in 
the cis (syn) or in the trans (anti) form. 
Of these two, the trans form is the thermo- 
dynamically more favored one (10). 

Acetaldehyde and HCN are formed 
when cis-allyl oxime undergoes a trans 
elimination. 

CH2~CH="~- . .CH 2 + NO ~" CH 2 = CH - CH 2 

N=0 

CH3CHO + HCN 9 t rans-e l imina l i °n  . . . . .  CH 2 = CH T] CH 
I Ii F - -  1 

LN_5OH', 
cis-ally[ oxime 

(c) Formation of CH~CN and OH20. If 
the cis-allyl oxime, however, undergoes a 
Beckmann rearrangement, instead of a 
trans elimination, then CH3CN and CH20 

are obtained. 

[OH] 
ooc, . . . .  /cH/ 

L_ . . . .  [ ]' r - -n rearrangement- ! 

 -o.j l Hi [CH2j 

----~CH3CN + CH20 

Beckmann rearrangement usually takes 
place only in the presence of an acidic 
medium or acidic catalyst. MoO3 itself is 
not very acidic but SiO2-Mo03 is strongly 
acidic, liberating iodine from KI. Hence 
the commercial bismuth-molybdate/silica 
catalyst may be acidic enough to cause 
Beckmann rearrangement of cis-allyl oxime 
at 430 to 480°C. 

It  may be noted here that if the trans- 
allyl oxime undergoes Beckmann rearrange- 
ment, the product will be acrylamide, 
which would readily dehydrate at the 
reaction temperature to give acrylonitrile. 
Thus the stabler and thermodynamically 
favored trans oxime yields only acrylo- 
nitrile as the product through both reaction 
routes, trans elimination and Beckmann 
rearrangement. 

The above schemes can be summarized 
as follows. 

trans elimination of H20 

I Acrylonitrile J 

1,, . . . . . . . .  0.too.-,0' 
$ trans elimination 

cis-aHyl ' CH3CHO ÷ HCN 

I - - ° x  ime I Beck . . . . . . . . . .  ngement P CH3CN + CH20 

It  is also significant that some of the 
patents on ammoxidation catalysts (11) 
mention the addition of alkali (up to 0.1% 
as K20) to the catalyst. This may perhaps 
be to neutralize the excess acidity of the 
catalyst and thus reduce the Beckmann 
rearrangement of the cis-allyl oxime and 
hence the formation of acetonitrile. Re- 
duced acetonitrile yield is indeed one of 
the major claims for the superiority of 
such multicomponent molybdate catalysts. 
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Thus  the  pos tu la te  of NO as an  inter-  
media te  in the  ammox ida t i on  of propylene  
is no t  only  in agreement  with the direct  
synthesis  of acryloni tr i le  f rom propylene  
and  NO, as repor ted  by  Zidan et al. (1, 2), 

bu t  also gives an explanat ion for the  
fo rma t ion  of the  i m p o r t a n t  by -p roduc t s  
of the  reac t ion  at  high conversions and  
selectivities as in the  commercia l  acrylo-  
nitrile process. 

The  genera l i ty  of such react ions of NO 
is also not iceable  in the  ve ry  recent  work 
of Voorhoeve  et al. (12) on the  fo rmat ion  
of compounds  with the  C-=N bond,  like 
H C N  and  NH4OCN,  dur ing the reduc t ion  
of NO with CO and  H2, as m a y  occur  
in ca ta ly t ic  t r e a t m e n t  of au tomobi le  ex- 
haus t  gases. 
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Note added in proof. A direct proof for the forma- 
tion of allyl oximes from NO and allyl species over 
nickel catalysts has just been provided from homo- 
geneous catalysis: Clement el al. (13) have found 
that an allyl-nickel complex can react with NO at 
low temperatures to give a nickel complex of allyl 
oxime. When the reaction is run above room tem- 
perature, the oxime ligand is released from the com- 
plex. The identity of the allyl-oxime ligand in this 
case was established from (a) infrared spectra which 
show two NO stretching frequencies corresponding 
to the cis and trans isomers, (b) NMR spectra, and 
(e) reaction with triphenylphosphine, when the allyl 
oxime is released. At higher temperatures the allyl 
oxime can readily dehydrate to acrylonitrile. 
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