
1. Introduction
The technology of ammonia synthesis is one of the 
fundamental scientific and historical discoveries in 
catalysis studies. It was used for the first time at the end 
of XIX century by Le Chatelier and Nernst [1,2]. The 
primarily applied commercial catalyst for NH3 synthesis 
was a promoted iron catalyst used by BASF company. 
For almost 100 years the iron catalyst  was  mainly used 
in the production systems. However, nowadays iron 
catalysts are being modified. New alternative catalysts 
for ammonia synthesis are explored.  

In order to find catalysts more efficient than the 
traditional iron catalyst for ammonia synthesis, most 
elements of the periodic table was studied. It is known 
that dissociative adsorption of nitrogen on catalyst 
surface is the limiting stage of ammonia synthesis. A 
criterion which decides that a metal can be a catalyst 
in ammonia synthesis is its ability to adsorb nitrogen. 
Taking into account heats of nitrides formation, metals 
can be divided into three groups. The first one contains 
elements which do not form nitrides such as Ru, Rh, Pd, 
Os, Ir and Pt. High prices of these metals and a desired 
high specific surface area of catalysts mean that supports 
have to be used. Moreover, these elements have to be 

used with alkaline promoters to adsorb and dissociate 
nitrogen on their surface. 

The second group does not form stable nitrides under 
ammonia synthesis conditions. It contains Re, Mn, Tc, 
Fe, Co and Ni. Alkaline promoters are also necessary for 
adsorption and dissociation of nitrogen on their surface.

The third group contains elements of 3 and 13 periodic 
subgroups which form stable nitrides under synthesis 
conditions. Consequently, potential metals for new 
catalysts active in ammonia synthesis reaction should 
be looked for in the first two groups. Hitherto, literature 
information on catalytic properties of cobalt in ammonia 
synthesis is ambiguous. Cobalt was investigated 
either pure [3] or with an addition of promoters [4], and 
appeared to be less active than osmium catalyst, which 
is about two times less active than the iron catalyst. In 
general cobalt is not considered to be an active catalyst 
in ammonia synthesis.  In turn, others [5] suggest that 
cobalt is slightly less active than iron. 

The activity of cobalt in alloys with iron was also 
investigated. There is no agreement about the optimal 
cobalt content which should be introduced into iron 
catalyst to improve its activity. Taylor worked out Fe-Co 
alloy catalyst reduced at 853 K and 1073 K. Catalysts 
with 5-20% Co showed higher activity in ammonia 
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synthesis than the iron catalyst [4]. In other studies of 
Fe-Co system, catalysts reduced at 823 K were found 
to be more active than iron catalyst, with its maximum 
activity at 5.5% Co content [6]. In experiments with Fe-
Co catalysts promoted with aluminium and reduced at 
853 K the maximum activity occurred for 20% at. for 
Co [7]. In the following  studies it was shown that alloy 
iron-cobalt [8] and catalysts impregnated with cobalt [9] 
demonstrated a higher activity than that of fused iron 
catalyst.  

Cobalt catalyst (27% Co) promoted with barium 
and supported on the partly graphitized carbon showed 
surprising results [10,11]. It was seven times better than 
the commercial iron catalyst KM1R. 

Co3Mo3N catalyst promoted with caesium showed 
higher activity in reaction of ammonia synthesis than 
a double promoted iron catalyst [12]. The addition of 
alkaline promoter increased the catalyst activity. Also 
caesium was a more active promoter than potassium.

The aim of the present study was to describe the  
preparation of cobalt catalyst doped by manganese, 
examination of manganese influence on specific surface 
area development, thermostability of the catalysts 
under reduction conditions and their activity in ammonia 
synthesis.

2. Experimental procedure
  
2.1. Catalyst preparation 
The catalyst precursor, cobalt oxide Co3O4, was obtained 
by cobalt hydroxide precipitation followed by calcination 
at 473 K for 2 h in air. Thus obtained cobalt oxide, with a 
specific surface area of ca. 64 m2 g-1, was impregnated 
by promoters solutions. Precursors of promoters were 
solutions of calcium nitrate, aluminium nitrate, potassium 
nitrate and manganese acetate. Concentrations of 
adequate salts were calculated to reach the established 
contents of promoters in catalysts. 

Concentrations of promoters such as aluminium, 
calcium and potassium correspond to the industrial 
iron catalyst (ca. 3 wt.% Al2O3, 2.6 wt.% CaO and 
0.6 wt.% K2O).  The content of manganese was only 
varied. Thereafter calcination processes for 4 h in the 
temperature of 473 K and for 2 h in the temperature of 
773 K were conducted. 

2.2. Catalyst characterization 
Quantitative composition of elements in the catalysts 
was determined with atomic emission spectroscopy with 
inductively coupled plasma ICP-OES (spectrometer 
Optima 5300 DV, Perkin Elmer). 

Phase composition was determined with X-ray 
diffraction method XRD (X’Pert PRO Philips diffractometer 
with CuKα radiation). Average sizes of crystallites of 
Co3O4 were calculated from Scherrer equation.

Specific surface area (BET) of oxidized forms of 
catalysts was determined by nitrogen adsorption-
desorption measurements at 77 K using a Micromeritics 
ASAP 2010 instrument.  

To evaluate thermostability of the catalysts, specific 
surface areas were determined during hydrogen 
reduction. Samples of each of the catalysts were first 
reduced in hydrogen at 773 K. Then, the specific surface 
areas of the samples were determined using thermal 
desorption method.  Sintering of the reduced catalysts 
was carried out over in temperatures ranging from 
823 K to 973 K with a step of 50 K. At each temperature, 
the specific surface area was determined at predefined 
time intervals, until a steady value was reached. Details 
of this procedure are described elsewhere [13,14]. 

2.3. Catalytic tests
The activity tests in the ammonia synthesis were 
performed in a 6-channel integral laboratory reactor. The 
grains of the received precursor with a diameter  of 1 – 
1.2 mm were reduced in hydrogen/nitrogen mixture (3:1) 
atmosphere under 0.1 MPa according to the following 
procedure: 623 K – 5 h, 648 K – 12 h, 673 K – 12 h, 
723 K – 24 h, 773 K – 24 h under the load of 20 000 h-1. 
At the last stage the reduction was carried out under the 
pressure of 10 MPa at 773 K untill stable concentrations 
of ammonia in outlet gases were achieved. After activity 
test, temperature was increased to 823K. The catalysts 
were reduced for 8 hours at N2/H2 flow under 0.3 MPa. 
Next the standard activity test was performed.

The measurements of the catalyst activity were 
carried out under hydrogen/nitrogen mixture (3:1) 
received from the ammonia decomposition and cleaned 
from any impurity and poisons. The pressure of 
synthesis was 10MPa and the temperature range was 
623-773 K. The activity of the catalyst was defined by 
the reaction rate constant k which was calculated from 
the integral form of Tiemkin-Pyzhev equation1 proposed 
by Kuzniecov et al. [15]. 

        
                  (1)

where Vin is the inlet gas velocity, z is the molar fraction 
of ammonia, and ze is the equilibrium molar fraction 
of ammonia at  the given conditions (pressure and 
temperature).
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3. Results and discussion
Nomenclature  used for the catalysts, average sizes 
of crystallites, compositions and specific surface areas 
BET are summarized in Table 1. 

It was decided that concentrations of calcium, 
aluminium and potassium would be constant in all the 
prepared catalysts. Chemical compositions of catalysts 
were investigated by ICP-OES method. Quantitative 
analysis established that the contents of aluminium, 
calcium and potassium oxides were almost constant 
in the prepared catalysts. Only manganese oxide 
content varied. Specific surface areas of oxidized forms 
of the catalysts were measured by BET method (So) 
and reduced forms after reduction at 773 K (Sr773). At 
constant contents of aluminium, calcium and potassium, 
the specific surface area (So) of the oxidized form 
of the catalysts increased along with an increase of  
manganese content, as shown in Table 1. 

After reduction at 773 K the specific surface areas 
of the examined catalysts (Sr773) decreased by about 
17-30% in comparison with the initial values. The greatest 
decrease of specific surface area, which amounted to 
30%, was shown by cobalt catalyst without manganese 
Co0. Parallel to an increase of manganese content the 
decrease of specific surface areas was lower.

XRD phase analysis showed Co3O4 is present in all 
the catalysts. The average size of crystallites of Co3O4,  
phase decreased with an increase in manganese 
content in the  catalysts. 

Reduced forms of catalysts, obtained after 
reduction at 773 K, were investigated to determine 
their thermostability at the temperature range 
of 823-973 K in hydrogen atmosphere. Changes of 
specific surface areas were used as a factor which 
describes thermostability of catalysts. A decrease of 
specific surface area during heating at high temperatures 
gets out of sintering process.

The specific surface area (S) as a function of 
sintering time in a reducing atmosphere (H2) of the 
nanocrystalline cobalt catalyst with structural promoters 
(CoMn0.25) is shown in Fig. 1.

This figure displays the relationship between the time 
of sintering of the cobalt catalyst (CoMn0.25) at each 
temperature in a reductive atmosphere. As seen in this 
figure, the surface area of the catalyst asymptotically 
approaches a non-zero value of residual surface (Sr). 
An increase of the sintering temperature leads to a 
decrease in the residual surface, Sr. 

Thermostability examination were performed also 
for other catalysts modified by manganese. In the Fig. 2 
dependence of lnSr as 1/T function is shown.

Table 1. Characteristics of the prepared catalysts.

catalyst dCo3O4 [nm] content [wt.%] So Sr773

Al2O3 CaO K2O MnO [m2 g-1]

Co0 23,0 2.6 1.5 0.5 - 29 21
CoMn0.12 22,8 2.7 1.8 0.6 0.12 31 22
CoMn0.25 18,4 2.8  1.7 0.6 0.25 37 28
CoMn0.37 15,2 2.8 1.7 0.6 0.37 41 34

So- specific surface area of the oxidised form of the catalyst
Sr773- specific surface area of the catalysts after reduction at  773K

Figure 1.  The relationship between catalysts’ specific surface area 
(CoMn0.25)  and the temperature and time of sintering 
in a reductive atmosphere.

Figure 2. Dependence of the residual specific surface area, 
Sr, of cobalt catalysts on temperature of sintering 
in an atmosphere of hydrogen.
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An addition of manganese to catalyst caused a lower 
decrease in specific surface area of cobalt catalysts. 

Measurements of activities were performed after 
reduction at 773 and 823 K. Reduction at higher 
temperatures improved the activity of cobalt catalysts. 
Results of catalytic tests in ammonia synthesis reaction 
are shown with  reaction rate constant in Arrhenius 
equation in Fig. 3.

Over the range of the examined temperatures, 
673-823 K, cobalt catalysts activity was lower than 
that  of a commercial iron catalyst. The activity of 
cobalt catalysts manganese promoted at the highest 
temperature is higher than that of commercial iron 
catalyst

The activities of manganese promoted catalysts 
depend on manganese content. The catalyst  CoMn0.37, 
with the highest content of manganese, also showed the 
highest activity.

An idea of cobalt catalyst arose  on the basis of 
active surface model of iron catalyst for ammonia 
synthesis. According to the model [17,18], Scheme 1, 
iron surface is wetted  by promotors’ oxides. Promotors’ 

atoms are present above oxygen atoms. The structure 
of surface layer is determined by properties of elements 
which form it. 

In accordance with  the catalyst model the specific 
surface area increases with an increase in the number 
of oxygen atoms on the surface  Me-O-M ( Me = Fe,Co 
and M = atoms of promoters, e.g. K, Ca, Al) and energy 
of Me-O bond. Free centres on the metal (Me) are places 
for N2 dissociative adsorption.

By substituting iron atoms with cobalt atoms we 
expect that the donor character of cobalt will be higher 
than that of iron in the process of N2 dissociative 
adsorption. It is known that cobalt is one of the elements 
which does not form stable nitrides under conditions of 
ammonia synthesis.

Cobalt binds oxygen more weakly than Fe. In our 
previous work it was stated [18] that the specific surface 
area of pure cobalt obtained by oxide reduction is low 
(approx. 4 m2 g-1). An addition of aluminium causes 
surface development of cobalt oxide and metallic cobalt 
prepared by reduction method. By substituting cobalt 
atoms in Co-O-M bonds by atoms with higher energy of 
bonding oxygen, manganese atoms, it is expected that 
the specific surface area and concentration of the active 
centres will increase. Surface concentration of Mn 
atoms should adjust to reach the coverage coefficient 
θ not higher than 0.5. Higher surface concentration of 
Mn atoms may block active sites by oxygen. Surface 
atoms of Co not bonded with oxygen atoms will form 
active centres in which nitrogen dissociative adsorption 
will take place.

The presented results partially confirm earlier 
assumption. Manganese addition caused an increasing 
of the specific surface area of  the prepared cobalt 
catalysts. Cobalt catalyst with manganese addition 
show better thermostability at higher temperatures 
under reduction atmosphere.

Figure 3.  Dependence of the rate constant as a function 
of temperature.

Scheme 1. The models of the iron and cobalt catalyst surface.
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The activity of cobalt catalyst rises with an increase 
of manganese content. However the activity of cobalt 
catalysts is lower than that of a commercial iron catalyst. 
An increase of the reduction temperature from 773 
to 823 K resulted in an increase of cobalt catalysts. 
Cobalt catalysts demand higher reduction temperature 
to assure additional (full) reduction and finally greater 
amount of active sites.

4. Conclusions
At almost constant contents of the promoters such as 
CaO, Al2O3 and K2O a small addition of manganese 
(0.12-0.37 wt.%) leads to an increase in the specific 

surface area of the cobalt catalyst.   Manganese 
improves thermostability of the cobalt catalyst at higher 
temperatures under reduction atmosphere. The activity 
of manganese modified cobalt catalysts is higher that of 
the cobalt catalyst without manganese addition.  
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