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The kinetics of ammonia oxidation on cobalt catalyst is described on basis of experimental data 
measured in the tubular reactor with catalytically active wall. In the temperature range up to 
623 K , where the products of ammonia oxidation are nitrogen monoxide and elementary nitro
gen, it is possible to describe the rate of formation of these components by empirical equations (5) 
and (6), at the temperature above 900 K, where the products are nitrogen dioxide and elementary 
nitrogen, by equations (7) and (8). 

Catalytic ammonia oxidation is the only industrial source of nitric acid. As the catalyst is nearly 
exclusively used the alloy of platinum and rhodium in the form of meshes1 . In the pressure 
process (0'4 to 0·8 MPa) which is advantageous with regard to better absorption of NOx account 
the irreversible losses in the catalyst to 0·1 to 0·2 gl t HN03 . In this way becomes this process, 
which enables to decrease the content of NOx in the stack gases from absorption below 0·05 
mol % (ref.l), considerably economically handicapped in comparison to processes performed 
at normal pressure. Therefore, there is from the time of introduction of catalytic ammonia 
oxidation into industrial application searched an equivalent substitute of the precious platinum 
catalyst. Together with this aim many scientists have tried to describe the feasible mechanism 
of ammonia oxidation both on platinum and oxidic catalysts2 

- 35. 

Due to expansion of new experimental techniques have been only recently, at least , partially 
explained the questions concerning the structure of surface complexes and of the kinetics of their 
transformation 18 - 35 . The common sign of these methods is that the experiments are per
formed under low pressures (10 - 10- 3 Pa) or at lower temperatures (up to 400 K) and almost, 
exclusively on the Pt catalyst. The question remains whether it is possible under conditions 
of industrial exploitation (0'8 MPa, 1 100 K) to consider, the same mechanism which had been 
determined under considerably different conditions. 

The aim of this study has been to obtain experimental data enabling, on basis 
of the two-dimensional model of the tubular reactor with the catalytically active 
wall proposed in the last study36, and explanation of the concentration and tempera
ture conditions on the surface of the cobalt catalyst at ammonia oxidation in the 
region of industrial application of the catalyst. A tubular reactor has been built 
for this purpose on whose internal side the active compound C0 30 4 was fixed. 
The dependence of the outlet mixture composition on the wall temperature, feed 
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composition and feed rate was recorded. Also the temperature profile on the wall 
of the catalytic block was measured. 

EXPERIMENTAL 

Apparatus and Procedures 

The measurements were performed with the mixture ammonia air with the content 3,5 and 10 mol% 
of ammonia and for the temperature ranges from 523 to 983 K . At each temperature the depen
dence of composition of the outlet mixture on flow rate was measured in the range from 50. 
to 428 Ijh. The reaction mixture was prepared of pure compounds (NH3) from the Chemical 
Works et Zaluzi, air from Technoplyn, Ostrava), which were taken from pressure flasks and 
were carried over columns with solid KOH and the molar sieve Nalsit 3A. The flow rate of pure 
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Cross section through the reactor body. 
External steel block, 2 layer of mica insula
tion, 3 resistance heater, 4 asbestos insula
tion, 5 quartz tube, 6 cementing mixture 
(Ti02 + soluble glass), 7 block of the spinel 
Carrier, 8 thermocouple probes, 9 cap, 10 
quartz sand, T1 , T2 , T3 thermocouples 
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FIG. 2 

Mean mass fraction of NH3 in the outlet 
mixture w (NH3) in dependence on axial 
coordinate x for air- ammonia mixture with 
3% vol. of NH3 . 1 523 K; 2 623 K; 3 ~ 923 
K;. 983 K 
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components was measured by capillary flowmeters . The control of flow rates was made by use 
of valves. The gaseous mixture was led from the mixer into the rotameter. Part of the gaseous 
mixture was taken to the analysis at the inlet into the rotameter. Flow rate of the mixture was 
<:ontrolled by use of valves. After passing through the reactor, part of products was led for an ana
lysis and the rest was taken over the final manostate to the exhaust. Analyses of the inlet and out
let reaction mixture were performed chromatographically3? 

The body of the reactor was formed by a steel block (Fig. 1) with the outside diameter 20 mm 
into which was situated a cylinder of the catalytic material with the external diameter 11 mm 
and internal diameter 3 mm which was 64 mm long. In the catalyst, in parallel with the axis 
were drilled two holes of ID 0'7 mm, situated 2 mm from the internal wall of the cylinder and 
into the holes were fixed thermocouples T2, T3 NiCr (Walzwerk, Hettstedt). Into the cylinder 
of catalytic material were from both sides fixed quartz pipes whose ID was identical with the 
ID of the catalytic block. In the inlet pipe was situated a thermocouple for measurement of tem
perature of the fed reaction mixture (TI). 

External wall of the steel block has been insulated by a layer of mica on which was wound 
the resistance heater. Whole body was thermally and electrically insulated from the environ
ment by a layer of asbestos. 

Catalyst Preparation 

The catalyst was prepared by impregnation of the carrier by a solution of cobalt nitrate and 
by decomposition of the nitrate in the electric oven. The carrier was a mixture of 50% mass 
of C030 4 , 48% of ct-alumina and 2% of Ti02 . This mixture has been homogenised in the ball 
mill and wetted. The formed body was treated into the form of cylinders with the diameters 
approximately 2 cm, So arranged carrier was annealed in the oven at 1 200°C for 8 h. After 
annealing, cylinders with the ED 11 mm were turned of the carrier and holes for thermocouples 
were drilled into them. So prepared cylindrical segments were twice impregnated a: 130°C in a sa
turated solution of cobalt nitrate and were heated in the resistance oven to 400°C for half an hour. 
Into these cylinders, which were by a repeated impregnation relatively hard, were drilled holes 
on the walls of which was fixed catalytically active compound. So prepared carrier was eight 
times impregnated by saturated solution of Co(N03h and after each impregnation the cobalt 
nitrate was decomposed at 600°C for half an hour. Temperature at the last two decompositions 
was increased to 800°C. 

Cylindrical segments with the length 15 mm were ground on top faces into smooth planes 
and were bonded by the mixture of Ti02 and water glass into blocks of the total length 64 mm. 

The specific surface area of the so prepared catalyst was determined chromatographicaIly38 

and was equal to 0·17 m2 /g. Porosity was determined by the mercury porosimeter (AG/65 
Carlo Elba) and was 0·073 cm3 /g. 

RESULTS AND DISCUSSION 

The aim of the experiment was to obtain suitable data from which it would be 
possible to determine, by a method of nonlinear regression, kinetic parameters 
appearing in the boundary conditions of Eqs (18) and (19) of the last study36 

(1) 
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(2) 

Direct determination of surface concentrations of components was not possible, 
therefore the dependence of composition of the outlet mixture on temperature 
of the catalytic block, feed composition and flow rate of feed were measured. Also 
the temperature profile in the wall of the catalytic block was measured. 

The measurements were performed with the mixture NH 3-air at three inlet con
centrations of NH3 (3%, 5%, and 10% mol NH3 ) at temperatures 523 to 983 K. 
At each temperature was measured the dependence of composition of the outlet 
mixture on flow rate in the range from 50 to 4281jh. 

The measured mass fractions of NH3, NO, NzO and O2 in the outlet mixture 
as function of the dimensionless coordinate are summarised in Figs 2 to 9. 

Selection of the Reaction Scheme 

At catalytic oxidation of ammonia by oxygen the products of oxidation are NO, N z, 
NzO. Composition of oxidation products is dependent on temperature of the cata
lyst and composition and flow rate of the reaction mixture. Survey of stoichio
metric equations together with heats of reaction and values of equilibrium constants 
is given in Table 1. 
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FIG. 3 

Mean mass fraction of 0z in the outlet 
mixture w(Oz), in dependence on axial co
ordinate x for air-ammonia mixture with 3% 
vol. NH3 . 1 523 K; 2 623 K; 3 .. 923 K; 
.983 K 
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FIG. 4 

Mean mass fraction of NH3 in the outlet 
mixture w(NH3) in dependence on axial 
coordinate x for air-ammonia mixture with 
5% vol. ofNH3 • 1523 K; 2623 K; 3 .. 923K; 
.983 K 
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As results from the experiments at temperatures up to 350°C first of all reactions [2J 
and [3] are taking place, in the range from 400 to 600°C it is possible to expect 
formation of NO, N20 and N2 according to reactions [1], [2] and [3]' Above 
700°C are the oxidation products only N 2 and NO. 

For evaluation of experimental data the following reaction schemes haven been 
considered (numbers above the arrows correspond to numbering in Table I). 

TABLE I 

Summary of stoichiometric equations and their enthalpies and equilibrium constants39 

Reaction Stoichiometric equation AHg98 , kllmol NH3 log K298 

{I} NH3 + i02 NO + tH20 -226'51 44·26 

{2} NH3 + t 02 ! N2 + t H 2O - 316,88 59·46 

{3} NH3 + °2 !N20+-tH2O -276'18 55·76 

{4} NH3 + iNO i N 2 + l H 20 -452'45 82·25 

{5} NH3 + 4NO t N20 + t H 20 - 474'23 101·74 

{ 6} NH3 + -tN2O 2 N2 + -t H 2O -444' 50 86·63 

0·8,--------,----------,--------, 
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FIG. 5 

Mean mass fraction 02 in the outlet mixture 
w(02) in dependence on axial coordinate x 
air-ammonia mixture with 5% vol. NH3. 
1 523 K; 2 623 K; 3 ~ 923 K; • 983 K 
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FIG. 6 

Mean mass fraction of NH3 in the outlet 
mixture w(NHh in dependence on axial 
coordinate x for air-ammonia mixture with 
10% vol. NH3 • 1 523 K; 2 623 K; 3 e 923K; 
.983 K 
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SCHEME 1 

SCHEME 2 

SCHEME 3 

SCHEME 4 

For expression of the dependence of reaction rate (Ri) on temperature and com
position of the reaction mixture the empirical kinetic relations were used 

Ri = k? exp (-EdRT) ITNfiJ , 
j 

(3) 

where k? was the coefficient (mol m - 2 S -1), Ei apparent activation energy of the 
i-th reaction (J mol- 1

), N j mole fraction on the j-th component. Pij order with respect 
to the j-th component in the i-th reaction. 

By substitution of (3) into boundary conditions (1) and (2) together with the con
crete stoichiometric matrix !Xij a system of nonlinear parabolic equations is obtained, 
whose solution gives the distribution of temperature (e(x, y)) and composition 
(l/Ji(X, y)) and depends on kinetic parameters k?, E i , Pij of relation (3). The final 
function whose minimum was searched for by the modified Rosenbrock method39 was 
considered as the sum of square deviations of the calculated and measured value 
lfii. The vector of composition of the outlet mixture lfii was obtained by integration 
of balance equations for individual components and energies by the method described 
in the last study36. Parameter Ps is a function of thermal conductivity of the solid 
phase As which was taken as thermal conductivity of the pure y-A1203 (ref.40) (6·7 W . 
. m- I K- 1) 
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Calcu lations 

With regard to a relatively great number of serched parameters the order of individual 
components (matrix f3ij) in Eq. (3) was chosen as fixed. There were considered dif
ferent combinations of the first and half order and by the optimisation procedure 
the parameter k?, Ei were searched. 

From the experimental data resulted that at temperatures up to 623 K are the 
products-of ammonia oxidation only N 2 and NO. Therefore, the'set of data has been 
divided into two parts which are further on denoted as I (523 - 623 K) and II (923 to 
983 K). The transition region between 623 K and 923 K in which originate as products 
of oxidation N 2 , N20 and NO is not from the practical point of view significant 
and thus was not included into the regression calculation. For the set I were for eva
luation of parameters of Eq. (3) used the Schemes 1 and 3 and for the set II the Sche
mes 2 and 4. The results of calculations are for different variants of the reaction 
order with respect to NH3 , O2 and NO summarised in Tables II to III. With each 
variant is beside the calculated parameters Ei and k? given the standard deviation defi
ned by relation 

standard deviation = (cP(bX)/(M _ L))1/2 , (4) 

010 

FIG. 7 

Mean mass fraction of 02 in the outlet 
mixture -w(02) in dependence on axial co
ordinate x for air-ammonia mixture with 10% 
vol. 1 523 K; 2 623 K; 3 __ 923 K; • 983 K 
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FIG. 8 

Mean mass fraction of N2 0 in the outlet 
mixture w(N20) in dependence on axial 
coordinate x for air-ammonia mixture 
with 3-10 vol. % NH3 • 1 10 vol. % NH3 
523 K; 2 5 vol. % NH3 623 K; 3 3 vol. % 
NH3 623K; 4 10 vol. % NH3 523 K; 5 5 vol. 
% NH3 523 K; 6 3 vol. % NH3 523 K 
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where <P(b x) is the value of final function in the optimal point b" M is the number 
of experimental points and L the number of searched parameters. 

In Figs 2 to 9 are given dependences of mass fractions or individual components 
as functions of the dimensionless coordinate x = (z/ro) /(Re . Pr). 

Together with the calculated de.pendence are plotted also the experimentally 
determined values. For the set II (923 and 983 K) the theoretical values w~ were 
used in the calculation of the reaction scheme 2 with the parameters E i , k? and f3ij 

of the variant 3 (Table II). For the set I (523 and 623 K) was used the reaction sche
me 3, with the parameters E i , k? and f3ij of the variant 3 (Table III). As results from 
Table III, the smallest standard deviation for the range of temperatures 523 - 623 K 
has the variant 3, to which correspond the rate equations in the form 

Similarly for the range of temperature 923 - 983 K from Table II the variant 3 
has the best agreement of experimental data with the model 

0'08 

wCNOI 

FIG. 9 

Mean mass fraction of NO in the outlet 
mixture w(NO) in dependence on axial co
ordinate x for air-ammonia mixture with 3,5 
and 10 vol. % of NH3 . 1 10 vol. % NH3 , 

a 923 K, • 983 K; 25 vol. % NH3 , () 923 K, 
~ 983 K; 3 3 vol. % NH3 , () 923 K, e 983 K 
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FIG. 10 

Temperature of the wall in dependence 
on axial coordinate for 5 vol. % of NH3 . 

150 l /h, 2 1971/H, 3 4291 /h. -- Tem
perature measured by movable thermo
couple; ----- temperature calculated from 
Eqs (11) and (12) 
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r(N2) = t 5·1. 103 exp (-50·2!RT). N(NH3)' (N(02))O.5 + 

+ i4'5 .103 exp (-63·4!RT). N(NH3)' N(NO) (7) 

TABLE II 

Kinetic parameters for Schemes 1 and 2 

Pij Ei kP Standard 
Variant Reaction kJ jmol mol- 1 s- 1 m - 2 deviation 

NH3 °2 NO 

Scheme 1 (set I) 

{I} 0 76·0 7·3 .104 

{2} 0 62'7 2'3 . 102 0·096 
{5} 0 1 38·6 8·0 .105 

2 {I} 0·5 0 71· 8 7'5 .104 

{2} 0·5 0 77'3 H .102 0·23 
{ 5} 1 0 0'5 43'5 7·0 .105 

{I 0·5 0 85'5 7·0 .104 

{2} 0'5 0 70·1 3-8 .102 0·024 
{ 5} 0·5 0 50·8 6·2 .105 ' 

4 {I} 0·5 0·5 0 84·0 7·0 . 104 

{2} 0·5 0·5 0 61 ·0 H . 102 0·170 

Scheme 2 (set II) 

{I} 0 86·4 7·7 .106 

{2} 0 46·2 3·0 . 103 0·017 
{4} 0 65·0 4'6 .103 

{I} 0·5 0 74·1 7·9 .106 

{2} 0·5 0 53·2 4'05 .103 0·024 
{4} 1 0 0·5 60·6 5·1 .103 

{I} 0·5 0 88·7 7·5 .106 

{2} 0'5 0 50·2 5-1 .103 0·012 

{4} 0 63-4 4'5 .103 

4 {I} 0·5 0'5 0 83·2 7-6 .106 

{2} 0'5 0'5 0 55-1 5·8 .103 0·150 

{4} 0'5 0 0·5 58 '7 3·2 .103 
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r(NO) = 7,5.106 exp (-88·7/RT). N(NH3)' (N(Oz))O.5 -

-~4'5 .103 exp (-63·4/RT) . N(NH3) . N(NO) . (8) 

CONCLUSIONS 

At comparison of calculated and measured temperature profiles on the wall of the 
reactor it has been demonstrated that the agreement of result is only qualitative 

TABLE III 

Kinetic parameters for Schemes 3 and 4 

Pij E j kP Standard 
Variant Reaction kl/mo\ mo\-l s-1 m- z deviation 

NH3 O2 

Scheme 3 (set I) 

{2} 74·6 8·2 .104 

{3} 88·7 8·0 .102 0·076 

{2} 0·5 ' 1 56'4 9·0 .105 

{3} 0'5 92'2 N .102 0·032 

{2} 1 78·2 9'05.104 

{3} 0·5 83·5 9·2 .102 0·010 

4 {2} 0·5 0,5 72-0 6·6 . 104 

{3} 0'5 d'5 86·6 1'05 . 103 0·088 

Scheme 4 (set II) 

{I} 96'3 1'05.107 

{2} 50·1 2·5 . 104 0·852 

{I} 0·5 78 ·5 1·7 .107 

{2} 0·5 52·4 2·4 .104 0'532 

{I} 0·5 80·7 1'9 .107 

{2} 0·5 56·0 3'2 . 104 0·105 

4 {I} 0'5 0·5 85'8 2·8 .107 

{2} 0'5 0·5 59·2 4·0 .104 0,233 
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(Fig. 10). As is demonstrated by the presented example the model is capable to de
monstrate the effect of the magnitude of feed rate on the formed profile and also 
predict the sharp temperature increase of the wall in the point of transfer of reaction 
into the region of external diffusion. 

The differences of calculated and experimental values of the wall temperature 
can be the result of the used technique of temperature measurement and by the effect 
not included in the mathematical model. The movable thermocouple is equipped 
with a jacket made of stainless steel thus there can occur a distortion of the measured 
temperature by axial heat conduction in the thermocouple probe. As is demonstrated 
in the study41 the temperature difference between the wall surface and the thermo
couple does not exceed 10 K. 

As the most significant effects which are not respected by the mathematical model 
and which can significantly affect the walI temperature is the radiation heat transfer42 

and changes in transport quantities (Il, D j , leg) with temperature and composition 
of the reaction mixture. 

Critical evaluation of these effects in a concrete case is rather difficult and is the 
topic of the following study. 

LIST OF SYMBOLS 

As cross sectional area of the catalytic block (m2
) 

Cp thermal capacity of the gaseous mixture at constant pressure (J kg -1 K - 1) 

Di effective diffusion coefficient of component i (m2 s -1) 

Da j Damkohler number 
E j activation energy of the i-th reaction (kJ mol- 1) 

G density vector of total mass flux (kg m - 2 S -1) 

k? term in Eq. (3) (mol m- 2 S-l) 

L length of reactor (m) 
Lei Lewis number 
N j mole fraction of j-th component 
N j molecular mass of the i-th component (kg mol -1) 

Pr Prandti number 
r9 radius of pipe (m) 
Rk dimensionsless reaction rate of the k-th reaction 
Ri reaction rate of the i-th reaction (mol m - 2 S - 1) 

rj rate of formation or consumption of the i-th component (mol m - 2 S -1) 

Re Reynolds number 
Vo volumetric flow rate of the reaction mixture related to 293 K and 101 325 Pa 
x dimensionless axial coordinate 
y dimensionless radial coordinate 

axial coordinate (m) 
(Xjj matrix of stoichiometric coefficients 
P

jj 
reaction order with respect to the j-th component in the i-th reaction 

Ps = AsAs/21tArij(Re Pr)2 
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dimensionless adiabatic increase in temperature of the i-th reaction 
dimensionless temperature of the gaseous phase 
dimensionless temperature of the solid phase 
thermal conductivity of the gaseous mixture (J m -1 s -1 K - 1) 

dynamic viscosity of gaseous mixture (kg m -1 s -1) 

density of mixture (kg m - 3) 

relative mass fraction of the i-th component 
mean mixing cup value of II'i 
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