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Abstract 

The influence of principal parameters (reaction temperature, ratio of acetic acid and ammonia, composition of reactionary 
mixture and promotion of catalysts) on the selectivity and yield of the desired product was studied in the reaction of catalytic 
acetonitrile synthesis by ammonolysis of acetic acid. The processing of -Al2O3 by phosphoric acid increases amount of the 
centers, on which carries out reaction of acetamide dehydration. The kinetic model of a limiting stage of reaction – the acetamide 
dehydration to acetonitrile was suggested. In the process of ammonolysis of acetic acid it was demonstrated that the use of 
catalysts promoted by phosphoric acid and ratio NH3:CH3COOH=(3-4):1 at temperatures of a reactor 360-390 °  leads to the 
increase of acetonitrile productivity to 0.7-0.8 g/cm3·h and allows to minimize formation of by-products.
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Tomsk Polytechnic University.
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1. Introduction 

Acetonitrile is widely used in organic synthesis as an intermediate reagent, solvent, azeotropizer and in highly 
effective liquid chromatography a mobile phase1-3. Acetonitrile is commercially produced as a by-product of 
acrylonitrile synthesis4. Therefore the investigation and development of inexpensive and commercially convenient 
methods for acetonitrile production represent an urgent problem. Acetonitrile synthesis from acetic acid is more 
promising due to less expense for isolation and purification of the desired product. In the past acetonitrile synthesis 
from acetic acid and ammonia was carried out in the tubular reactors5,6 or from alcohols7,8, acetonitrile yield above 
80 % was observed at the temperatures of 440-480°C. But the reaction carried out at these temperatures, along with 
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high energy expenses for reactor heating, leads to thermal pyrolysis of acid (or products of synthesis) followed by 
catalyst carbonization and contamination of the desired product. At the increased temperatures with use of steel 
reactors formation of a hydrocianic acid is observed.

The reaction of acetic acid ammonolysis is very interesting because of its being one of brightest representatives 
of reactions in the acid-basic catalysis. In an interval of reaction temperatures the side reactions of decarboxylation 
acetic acid up to acetone, the decomposition of acetic acid up to pitches and carbon, the formations of amines and a 
hydrocianic acid are thermodynamically possible at interaction with ammonia. Therefore the selection of optimum 
conditions of synthesis at the maximal acetonitrile yield with the minimal maintenance of by-products is an actual 
problem. 

2. Experimental 

The catalysts used were -Al2O3 (Sspec=149 m2/g, total pore volume is 0.68 cm3/g) and -Al2O3 promoted by 
phosphoric acid (2-6 % mass) and 2 mass% Ca(OH)2. 

The study was made in a flow steel reactor9 with an upward reagent flow at a preheating of the reaction mixture 
up to the reaction temperature at maximal volume of the catalyst equal to 45 cm3. The ratio NH3:CH3COOH at 
catalytic experiments varied in interval from 1.5 to 6.0, the temperature of reaction - 320-450° , the loading on 
acetic acid and acetamide is 0.49-1.5 g/cm3·h. The reduced contact time (s) was calculated as the relationship 
between the catalyst volume and the space velocity of the gas-vapour mixture at the reaction temperature.  The acid 
properties of a surface of catalytic samples determined by a technique of indicator no aqueous titration10. The 
quantity of the acid centers found a way of titration by solution benzyl amine (C=0.01M) of suspension of powder 
of the catalyst with previously adsorbed indicator in drained n,n-dimethylformamide. The quantity of benzyl amine, 
gone to titration, defines quantity of the acid centers (µmol/g) which have acid force, big or equal a pKa of the used 
indicator. % CP is the percentage of the compaction products formed per catalyst weight per 1 cm3 of the acid input.  

3. Results and discussion 

The process of acetonitrile formation from acetic acid and ammonia is equilibrium two-stages reaction11: 

The calculation of thermodynamic functions12 showed that the reaction of acetonitrile formation by 
ammonolysis of an acetic acid is endothermic: av=82.06 kJ/mol at temperatures 200-450 ° , with lg of 
equilibrium constant > 0 at temperature above 300 °  (figure 1, 1). The calculation of thermodynamic functions 
and constant of equilibrium for stages I and II (scheme 1) showed that the reaction of acetamide formation from an 
acetic acid and ammonia (at temperatures 250–450 ° ) is weakly exothermal: av = -2.18 J/mol, G and  is 
not changed in the considered interval of temperatures 250-450° . The stage II – dehydration of acetamide is 
endothermic: av =84.37 J/mol, G<0 at temperature above 320° . (figure 1,  2). In literature the question on a 
limiting stage of process is not considered, but the identical change of the designed constants of equilibrium for total 
reaction (figure 1, 1) and stage II (figure 1, 2) can show that at temperatures 330-400 °  the dehydration of 
acetamide is a limiting stage.  

In case of a flowing reactor with a stationary mode of submission of reagents the increase in temperature of a 
reactor higher than 400 °  results in a high yield of acetonitrile at the big loading on acetic acid, the productivity on 
acetonitrile is equal to 0.89 g/cm3·h. But in this case: the decarboxylation of acetic acid to acetone and 2 and 
formation of pitches and of compaction products (CP) on the surface of the catalyst were observed, its activity 
decreasing. Thus, due to catalyst carbidization, at temperature 440°  acetonitrile yield changed from 98.5 to 91.5 % 
within 5 hours of operation. The reduction in reaction temperature allows one to significantly decrease the amount 
of the compaction products (CP) formed (from 0.19 at 400-450°  to 0.04 at 350-380° ) and to extend the catalyst 
life between regenerations. 
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Fig.1 Temperature dependence of free energy of reaction ( G) and constants of equilibrium (1 – total reaction; 2 – reaction of acetamide 
formation from acetic acid and ammonia; 3 – acetonitrile formation from acetamide)

At temperatures 350-400 °  formation of products of condensation is less, but for increase in a degree of 
transformation of reagents it is necessary to reduce loading on acetic acid (to increase time of contact); it can result 
in increasing a share of side reactions: thus, at loading on acetic acid 0.58 g/cm3·h, selectivity of acetone formation 
is equal to 0.6 %, but at 1.02 g/cm3·h and at temperatures 350-380 °  acetone in products of reaction is not found. 
Optimum loading on acetic acid (0.8-1.02 g/cm3·h) and temperatures (350-380° ) at which the share of side 
reactions is minimal at a high acetonitrile yield (table 1) are determining for the catalyst -Al2O3. 

The reaction of acetonitrile formation from acetic acid and ammonia proceeds at molar ratio ammonia:acid = 
1:1. But at temperatures 350-380°  it was shown that the increase in the contents of ammonia in a mix results in 
increasing growth of acetonitrile yield despite of reduction of contact time (table 1). The increase in the partial 
pressure of ammonia shifts the equilibrium towards acetamide formation (reaction I, scheme 1) followed by 
acetonitrile formation (reaction II). At temperature of a reactor higher than 400 °  the increase partial pressure of 
ammonia practically does not influence selectivity and acetonitrile yield. 

The study of -Al2O3 promoted by base - Ca(OH)2 and acid - H3PO4 shows that the increase in basicity of 
catalysts surface leads to the inhibition of stage II (scheme 1) in reaction of acetic acid ammonolysis5. In this case 
the basic product of reaction is acetamide. The promotion of -Al2O3 by 2 mass % of phosphoric acid does not 
change conversion of acetic acid, but increases selectivity and acetonitrile yield. The increase in amount of 
phosphoric acid to 6 mass % results in increasing selectivity and acetonitrile yield due to increase in a degree of 
transformation of acetic acid (table 1). Thus, the use of catalysts promoted by phosphoric acid allows to lower 
temperature of carrying out the process that results in decreasing a degree of the compaction products formation on 
surfaces of the catalyst and promotes to increase in time of operation catalyst: for example, for H3PO4/ -Al2O3

catalysts at temperatures of operation 350-380°  %CP is equal to 0.020-0.019, and for -Al2O3 %CP=0.040. 
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Table 1. The influence of reactor temperature and a ratio of reagents on catalytic parameters of reaction 

in,° Q, g/cm3·h 
Ration 
NH3:CH3COOH 

τred, K, % SCH3CONH2, % SCH3CN, % BCH3CN, % 

-Al2O3

350 1.02 1.5 1.75 88.5 37.8 62.2 55.1 
350 1.02 2.0 1.50 92.1 25.4 74.6 68.7 
350 1.02 3.0 1.10 92.0 13.9 86.1 79.2 
350 1.02 4.0 0.89 92.2 10.8 89.2 82.2 
360 1.02 1.5 1.75 88.6 23.4 86.6 76.7 
360 1.02 2.0 1.50 89.6 20.0 88.8 79.5 
360 1.02 3.0 1.10 92.9 12.2 93.4 86.8 
360 1.02 4.0 0.89 99.9 7.4 96.1 96.1 
360 0.49 2.0 3.13 100 - 99.3 99.4 
360 0.58 2.0 2.68 99.2 - 99.4 98.7 
360 0.67 2.0 2.30 99.2 - 99.5 98.5 
380 1.02 1.5 1.75 99.5 4.5 95.5 95.0 
380 1.02 2.0 1.50 99.5 3.0 97.0 97.0 

2 mass % H3PO4/ -Al2O3

360 1.02 2.0 1.50 92.9 11.2 74.6 66.7 
360 1.02 3.0 1.10 93.1 6.6 86.1 79.2 
360 1.02 4.0 0.89 93.8 3.9 89.2 82.2 

6 mass % H3PO4/ -Al2O3

360 1.02 2.0 1.50 95.9 2.9 93.2 89.4 
360 1.02 3.0 1.10 98.1 2.5 95.7 93.9 
360 1.02 4.0 0.89 98.6 1.1 96.3 95.0 

2 mass %Ca(OH)2/ -Al2O3

360 1.02 2.0 1.50 94.6 72.3 26.2 24.7 

τred is the reduced contact time at the reaction temperature, s 
Q is the acetic acid load, g/cm3 h  
K - acetic acid conversion, (mol %) 
SCH3CONH2, SCH3CN is respectively acetamide and acetonitrile selectivities (%) 
BCH3CN is acetonitrile yield (mol %) 

 In other words the promotion of -Al2O3 by phosphoric acid increases the total acidity of contacts, thus there is 
a redistribution of the acid centers on force: the increase of concentration of the centers with force 3.3≥Ho>2.0 
(Brönsted’s acid centers) and the decrease in amount of the centers with force 2.0≥Ho (probably Lewis’s acid 
centers) on which there is a formation of condensation products (table 2) is observed. Processing of -Al2O3 by 
phosphoric acid promotes to the increase in quantity of the active centers on which the dehydration of acetamide that 
results in increasing selectivity and productivity of acetonitrile to 0.710 g/cm3·h ( =370 ° ), in so doing the 
promotion by phosphoric acid leads to the block of centers of the compaction products formation.

Table 2. The acid property of catalyst 

The concentration of acid center, micro mol of benzylamine/g of catalyst  
Catalyst

4.8≥ >3.3 3.3≥ >2.0 2.0≥ >1.3 1.3≥ >0.8 0.8≥
-Al2O3 81.0 12.7 57.2 0.7 4.2 155.8 

2 mass %H3PO4/ -Al2O3 88.5 52.0 22.0 0.5 4.5 167.5 
6 mass %H3PO4/ -Al2O3 58.0 99.0 16.0 - 3.0 176.0 
* -Al2O3 14.0 5.0 12.0 - - 31.0 
*2 mass %H3PO4/ -Al2O3 34.0 13.0 14.0 - - 61.0 
*6 mass %H3PO4/ -Al2O3 51.0 16.5 17.5 - - 85.0 

*Catalysts after reaction. Amount of products of condensation from weight of a sample is 6.4–6.8 %

The study of dehydration reaction of an intermediate product – the acetamide has shown that synthesis of 
acetonitrile from acetamide on -Al2O3 is accompanied by reverse reaction of hydrolysis to ammonium acetate 
(table 3).
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Table 3. The influence of reactor temperature and composition of reactionary mixture on catalytic parameters of acetamide dehydration reaction 
over -Al2O3 and -Al2O3 promoted by phosphoric acid 

The catalyst Initial reagents , °  K, % SCH3CN, % BCH3CN, % SCH3COONH3, % 

360 79.7 85.5 68.1 12.0 -Al2O3 acetamide 
380 93.1 80.2 74.7 16.4 

360 92.0 97.4 89.6 2.5 
-Al2O3 acetamide/ammonia =1:1.5 

380 98.3 99.5 97.7 0.5 

360 99.5 100 99.5 - 6 mass % H3PO4/ -Al2O3
acetamide/ammonia 
=1:1.5 380 100 100 100 - 

The introduction of ammonia in a reaction mix reduces speed of reverse reaction of hydrolysis due to: shift of 
the equilibrium towards acetamide formation (reaction I, schema 1) followed by acetonitrile formation (reaction II); 
and competitive adsorption of ammonia and products of reaction (water and acetonitrile). The promotion of -Al2O3

by phosphoric acid promotes to the increase in conversion of acetamide acetonitrile yield to 100 %. The kinetic 
model, which takes into account competitive adsorption of ammonia and reaction of acetamide hydrolysis was 
suggested for the reaction of the acetamide dehydration. 

The energy of desorption activation for -Al2O3 and 6 % H3PO4/ -Al2O3 is equal to 63.2 and 58.3 J/mol, 
accordingly. 

4. Conclusion 

The processing of -Al2O3 by phosphoric acid increases the amount of the centers of acetamide dehydration that 
allows speeding up achievement of equilibrium in limiting stage of process – the acetamide dehydration and blocks 
the centers of the compaction products formation.  

The use of catalyst promoted by phosphoric acid and ratios NH3:CH3COOH = (3-4):1 in the process of acetic 
acid ammonolysis allows to achieve acetonitrile productivity 0.7-0.8 g/cm3·h, to minimize by-products formation up 
to 0.1 % on the reacted acid at temperatures 360-390 ° . But the big amount of water formed per unit of a target 
product can complicate the process of release and rectification of acetonitrile. Therefore for synthesis of acetonitrile 
from acetic acid and ammonia the use of two-reactor circuit with intermediate extraction of acetamide can be 
perspective. In the first reactor the use of the catalyst - -Al2O3 promoted by the base at temperatures 290-340 °
makes possible to produce acetamide with high selectivity. The separation of acetamide ( boil = 221 ° , fusion= 82.3 
° ) from water is simple. In the second reactor on -Al2O3 promoted by acid one should carry out the acetamide 
dehydration to acetonitrile. The above-mentioned methods lead to: 1) the decrease of expenses on rectification of 
acetonitrile; 2) to reduce considerably formation of the compaction products, and to extend the catalyst life between 
regeneration; 3) to reduce of amount of circulating ammonia; 4) to increase the productivity on acetonitrile from unit 
of volume of the catalyst.   
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