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Modern adsorption study facilities as well as scanning electron microscopy, X-ray diffrac- 
tion, M6ssbauer spectroscopy and X-ray fluorescence spectroscopy were used to investigate 
the effect of cobalt on the adsorption of nitrogen, hydrogen and ammonia on the surface of 
cobalt modified iron fused catalysts. Adsorption studies were carried out at the temperature 
range specific for ammonia synthesis (385~ Activity tests were carried out under 10 MPa in 
the 350~t50~ temperature range. Investigations were performed on the traditional multipro- 
moted iron catalyst and on the series of catalysts prepared with addition of cobalt. Introduction 
of cobalt changed considerably the sample bebaviour during activation and ammonia syn- 
thesis. Addition of cobalt promoted the iron catalyst for ammonia synthesis. The most active 
sample was that containing approximately 5.5 wt% Co. Cobalt changed the adsorption behav- 
iour of the catalyst. Chemisorption of nitrogen is much higher for "cobalt" catalysts. Growth 
of nitrogen chemisorption and decrease of ammonia adsorption resulted in the growth of 
catalytic activity of "cobalt" catalysts in ammonia synthesis. 

Keywords: ammonia synthesis; fused iron-cobalt catalyst; adsorption of reactants on ammo- 
nia synthesis catalyst 

1. I n t r o d u c t i o n  

The status of  the present-day ammonia  synthesis catalyst  is the product  o f  
research spanning almost  the century. One of  the key problems in this subject is the 
mechanism of  adsorpt ion and reaction on the catalyst  surface. In the late 30's it 
was concluded, that  the nitrogen molecules enter into some sort of  adsorptive or 
chemical combinat ion with the iron atoms in the catalyst  surface and thereby 
become capable of  reacting with gaseous or adsorbed hydrogen to form ammonia  
[1]. On the other  hand, adsorption of  hydrogen has been found not  to affect the syn- 
thesis rate. The adsorpt ion of  hydrogen on the most  active areas of  catalytic metals 
involves such a small activation energy, that  the process is rapid at temperatures  
as low as - 1 0 0 ~  [2]. The fundamental  studies of  Emmet  and Brunauer  showed 
non-uniformity  of  the ammonia  catalyst surface. Their conclusion: "The  por t ions  
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of the surface adsorbing the nitrogen more quickly are those for which a small acti- 
vation energy is required" [3] is very close to nowadays presented theories on the 
structure sensitivity and the effect of the actually exposed iron surface [4]. 

An industrial iron catalyst for ammonia synthesis has been in commercial use 
since the 1920's. It is usually obtained by fusing natural (or synthetic) magnetite 
with small amounts of additives (promoters), such as potassium, aluminium and 
calcium oxides. Then, the catalyst is reduced in hydrogen, or more often in syn- 
thesis gas [5]. The promoters constitute only a few percent of the catalyst mass. 
However, after reduction, they cover more than half of the iron surface [6,7]. 

The catalyst prepared in such a way is active at higher temperatures. Unfortu- 
nately, the equilibrium concentration of ammonia strongly depends on tempera- 
ture and pressure. Accordingly, all novel catalysts should be active at lower 
temperatures. 

As mentioned above, the catalytically active component in those systems is 
mostly iron. The other metal described as interesting in ammonia synthesis is 
cobalt. As Shcheglov and co-workers have found [8], cobalt, following iron, is the 
second most active metal in ammonia synthesis. On the other hand, the results of 
Rambeau et al. [9] indicate low activity of cobalt powder in ammonia synthesis. 
Although cobalt alone is not a perfect catalyst ammonia synthesis, its alloys with 
iron have been reported on as promising in this process. 

Morozov et al. [10] studied Fe-Co alloy catalysts of various compositions. The 
most active sample was that with high cobalt content. Artukh et al. [11] prepared a 
series of doubly promoted iron-cobalt alloy catalysts. A sample containing 15% 
Co proved some three times more active than that without cobalt. The specific 
activity of the samples was strongly dependent on the catalyst composition. Taylor 
and colleagues [12,13] studied a Fe-Co alloy catalyst with 3% alumina added to sta- 
bilize the structure. The best catalytic properties have been shown by a sample con- 
taining 95% Fe and 5% Co. Recently, two works were published dealing with the 
effect of cobalt on the properties of iron supported on magnesium hydroxycarbo- 
nate [14] and alumina [15]. An interesting effect of cobalt on the sample structure 
was found. 

More recently, results of studies of fused iron-cobalt catalysts have been pub- 
lished [16,17]. Addition of cobalt changes considerably the activity of the catalyst 
sample. It has been shown that this effect is the result of a change of the catalyst sur- 
face morphology. The catalyst surface changes as an effect of inclusion of cobalt 
in the magnetite crystallic lattice and (especially) in the wiistite crystallic lattice 
[16]. Nonstoichiometry of w/istite, as calculated from M6ssbauer data, equals 0.16 
and 0.22 (analogous nonstoichiometry for magnetite 0.008 and 0.44), respectively. 
The new catalyst morphology causes the change of reduction behaviour of the sam- 
ples. The typical iron fused catalyst changes its mass faster during reduction. On 
the other hand, however, the change of the surface of the catalysts during activa- 
tion, as measured in situ by the thermal desorption method, was faster for the 
"cobalt catalysts". BET surface was higher for the typical iron catalyst. In ref. [17] 
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the faceting of the catalyst surface was postulated to describe the difference 
between activity and low temperature (77 K) nitrogen adsorption. The more active 
the catalyst the less nitrogen it adsorbs. In low temperature adsorption experiments 
the total nitrogen adsorption on the catalyst surface is measured. For the reaction 
kinetics the amount of nitrogen molecules chemisorbed at synthesis condition is 
decisive. In this study the effect of cobalt on the adsorption/chemisorption proper- 
ties as measured in the ammonia synthesis temperature range is presented. 

2. Experimental 

2.1. SAMPLE PREPARATION 

Catalysts were prepared in the laboratory plant (approximately 10 kg of catalyst 
per charge) in a similar way as described in ref. [18]. All samples were fused from 
the same starting material divided into four parts (without or with addition of dif- 
ferent quantities of Co3 O4). 

2.2. APPARATUS 

Phase compositions of the samples were investigated using an X-ray diffract- 
ometer (XRD) HZG-4 (Carl Zeiss Jena, Germany) with a cobalt tube (Co K~t 
radiation) and a scanning rate of 1 o per minute. 

Sample compositions were determined using an X-ray fluorescence spectrometer 
VRA30 equipped with a Cr tube, LiF(200) and PE crystals, and flow and scintilla- 
tion detectors. Working parameters of the tube during measurements were 50 kV 
and 35 mA. The powdered samples were pressed into 14 mm internal diameter 
brass rings, yielding tablets approximately 5 mm thick. Conventional calibration 
procedure was used [19]. 

Kinetic measurements were conducted in the equipment described earlier [14] 
using an isothermal tubular reactor. The stoichiometric hydrogen-nitrogen mix- 
ture was obtained by ammonia dissociation under atmospheric pressure. The gas 
was purified from H20, CO and CO2 over silica gel and molecular sieves. After 
compressing, the gas was passed over beds of an activated carbon, a palladium cat- 
alyst and drying agent to remove compressor oil and traces of oxygen compounds. 
The such prepared gas was fed into the reactor. Kinetic measurements were carried 
out under the pressure 10 MPa. All catalyst samples with particle radius 1.2- 
1.7 mm were reduced before the kinetic test according to the time schedule 
described in ref. [16]. The kinetic test was carried out at different temperatures in 
the order 450, 400, 350~ Space velocity during reduction and kinetic measure- 
ments was 100000 h -1. 

Scanning electron microscopic (SEM) observations of the samples in oxidized 
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Fig. 1. Effect of sample composition on the catalysts activity. 

state were carried out using a Jeo11200EX microscope with scanning adapter. Sam- 
ples were polished and etched with a (1 : 10) solution ofhydrochloric acid. 

The samples for the M6ssbauer spectroscopic study were comminuted and pelle- 
tized. Observations were carried out at room temperature. 57Co in chromium 
matrix (57Co/Cr) served as the source. After taking the spectrum of an unreduced 
sample, the catalyst was reduced in situ for studying the reduced form by M6ss- 
bauer spectroscopy (after cooling under deoxygenated nitrogen). Isometric shift 
values are given in relation to a-Fe. Spectra have been computer fitted and M6ss- 
bauer parameters have been calculated. 

Adsorption isotherms at low temperature (77 K) were taken on an 
ASAP 2000M V.2.00 apparatus, and adsorption isotherms at elevated tempera- 
tures on ASAP 2000C V2.00 (Micrometrics Instrument Corporation, USA). The 
measurements on both instruments were carried out according to the concept: first 
establishing the adsorption equilibrium then measure. 

Table 1 
Compositions of samples studied 

Sample code Iron oxides K20 CaO A1203 SiO2 Co304 
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) 

CoO0 93.50 0.60 2.80 2.80 0.30 0.00 
Co35 90.55 0.58 2.99 2.63 0.29 2.96 
Co55 88.36 0.55 2.47 2.40 0.25 5.97 
Co75 86.17 0.49 2.42 2.35 0.25 8.32 

crystal used LiF LiF LiF PE PE LiF 
for analysis 
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Fig. 2. Arrhenius plots for the samples Co55 and Co00 (activity, k2, in kg NH3 kg~-~ h -1 arm~ 

3. Results  

Results of measurements and observations are presented in figs. 1-13 and tables 
1 and 2. 

Fig. 1 presents the effect of sample composition (as shown in table 1) on the 
activity in ammonia synthesis. The rate constant in the Temkin equation was calcu- 
lated from the tubular reactor model assuming isothermal plug flow and was taken 
as an activity measure. Activities of the samples are presented in relation to the 
activity of the sample prepared in the same way but containing no cobalt. Fig. 2 
presents Arrhenius plots for the samples of the Co55 and Co00 catalysts. As it fol- 
lows from the results in fig. 2 ammonia synthesis on both samples can be character- 
ized by the same activation energy. 

The diffraction patterns for the samples studied are depicted in fig. 3. Figs. 4 
and 5 present the SEM photographs of the surface of the sample that is most active 
in ammonia synthesis (Co55) and the sample containing no cobalt. 

MSssbauer spectra are presented in figs. 6 and 7, while table 2 includes MSss- 
bauer parameters. 

Fig. 8 presents the adsorption isotherms of nitrogen at liquid nitrogen tempera- 
ture for the sample Co55 and the sample without cobalt (Co00). Fig. 9 presents 

~_.  . . . .  __ ~ . . . . .  , ~ C ~ O  

I i l l l ~ l , l l l l  I 

2*0  

Fig. 3. Diffraction patterns for the samples studied. 



Fig. 4. SEM photograph of the surface of the CoO0 catalyst (no cobalt) in oxidized state. 

Fig. 5o SEM photograph of the surface of the most active sample (Co55) in ammonia synthesis in 
oxidized state. 
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Fig.  6. M 6 s s b a u e r  spec t r a  fo r  the  s a m p l e  Co00  a f te r  c o m p u t e r  f i t t ing.  

the adsorption isotherms of nitrogen for the above mentioned samples as measured 
in situ at the ammonia synthesis temperature (in this case 385~ Adsorption iso- 
therms for the case of hydrogen measured at 385~ are shown in fig. 10, while 
fig. 11 presents adsorption isotherms of ammonia measured at 100~ Chem- 
isorption of nitrogen and hydrogen are presented in figs. 12 and 13, respectively. 
Chemisorptions have been calculated as the difference between the first and the sec- 
ond adsorption run after sample outgassing. Sample outgassing was carried out 
by evacuating at 385~ under vacuum to the zero desorption rate. 

4 .  D i s c u s s i o n  

The diffraction patterns (fig. 3) show that all the samples under study possess a 
similar phase composition in oxidized state. Addition of cobalt changes, however, 
the catalyst surface morphology. The images of the surfaces of the samples are 
different. 

As it follows from SEM photographs of the catalyst samples in oxidized state 
(figs. 4 and 5) the morphology of the catalyst Co55 differs considerably from the 
morphology of the catalyst containing no cobalt (sample Co00). The image of the 
surface of the cobalt promoted catalyst (fig. 4) shows that on the surface mainly 
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Fig.  7. M6ssbauer  spectra for  the sample Co55 after computer  fitting. 

large crystallites with particle radius of approximately 0.1 mm are present. 
Between the large particles some inclusions in dendritic shape are observed. In the 
photograph no inclusions of other phases in the intercrystallic space are visible. 
This latter finding is probably connected with the fact that other phases (in ammo- 
nia synthesis catalyst structural promoters for instance) are rinsed out during the 
etching. The image of the surface of the cobalt free catalyst, fig. 5, is different from 
that described above. Beside the large crystaMtes, with a size comparable to that 
of the catalyst with cobalt, small particles in the intercrystallic space are present. 
They are about ten times smaller in radius with a characteristic oval shape. These 
inclusions may be wiistite particles. The content of wiistite in cobalt promoted cat- 
alyst is lower than in an iron catalyst. This results from disturbance of crystallisa- 
tion caused by the competition of cobalt and iron atoms. 

SEM pictures describe changes of the surface morphology of catalyst precursors 
in macroscale. Sample reduction resulted in microscale, however. 

This is confirmed by M6ssbauer spectroscopy observations. The M6ssbauer 
spectrum of the sample Co00 (without cobalt) presented in fig. 6A is typical for 
iron fused catalysts with magnetite as a main component. Visible broadening of the 
component line from the atoms in octaedric position (there are two types of iron 
sites in the magnetite lattice, the tetrahedral sites A, and the octahedral sites B, of 



R.J. Kalehczuk / The effect of cobalt on the reactants adsorption 263 

Table 2 
M6ssbauer parameters for spectra presented in figs. 6 and 7 (investigations at room temperature) a 

Component H IS /" Contribution 
(kOe) (re_m/s) (ram/s) (%) 

sample CoO0 
unreduced form 

FeO 
Fe304 A 
Fe3 04 B 

after reduction 
Fe 

sample Co55 
unreduced form 

FeO 
Fe304 A 
Fe304 B 

after reduction 
Fe 
Fe-Co 

0.77(3) 0.76(4) 5(I) 
484.1(1) 0.28(1) 0.19(1) 33(1) 
448.0(5) 0.64(1) 0.27(2) 62(2) 

329.8(2) 0.00(1) 0.17(1) 100 

0.65(5) 0.50(2) 4(1) 
483.7(1) 0.27(1) 0.21(1) 41(1) 
461.0(2) 0.66(1) 0.31(2) 55(2) 

330.9 0.01(1) 0.14(1) 36.8(4) 
344.1(6) 0.01(1) 0.19(2) 63.2(7) 

a H, magnetic field; IS, isomer shift; F, intensity half-width. 

which the former are occupied by Fe 3+ ions and the latter by Fe 2+ and Fe 3+ ions) 
is evidence for the promoter atoms being built in the vacancies of this sublattice. 
For the fitting of this spectrum, the wiistite parameters according to the literature 
values were taken, which gives the possibility for evaluation of the wiistite quantity. 

~ 0  I J i 
0 IO0 2O0 30O 4O0 5OO 6O0 

P F e s s u r e ,  m m  f i g  

Fig. 8. Adsorption of nitrogen on the Co00 and Co55 samples at - 196~ 
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Fig. 9. Adsorption of nitrogen on the Co00 and Co55 samples at 385~ 

The FeO content is 5 + 1%. Better fitting was observed by assuming the magnetic 
field distribution for the site B of magnetite. The weighted average of this field was 
calculated as 448 kOe, the minimum and maximum values were estimated as 426 
and 454 kOe (respectively). 

The spectrum for the Co55 catalyst (most active in ammonia synthesis) pre- 
sented in fig. 7A is similar to that for the Co00 sample. Difference is visible for the 
ratio of intensity of lines corresponding to the magnetite sublattices. The quantity 
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Fig. 10. Adsorption ofhydrogen on the Co00 and Co55 samples at 385~ 
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Fig. 11. Adsorption of ammonia on the CoO0 and Co55 samples at 100~ 

ofwiistite in this sample is slightly lower than in the sample Co00 (4 + 1%). Notice- 
able is the broadening of site B lines in relation to site A lines, which confirms inclu- 
sion of impurities (effect of promoters as for Co00 sample increased by cobalt) in 
sublattice B. Significantly high asymmetry of the shape of the site B line addition- 
ally showed an asymmetric distribution of the magnetic field. 

After reduction in the nitrogen-hydrogen mixture at the temperature 773 K, 
the spectrum of the Co00 sample (fig. 6B) is characteristic for metallic iron. Typical 
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Fig. 12. Chemisorption of  nitrogen on the Co00 and Co55 samples at 385~ 
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Fig. 13. Chemisorption of hydrogen on the Co00 and Co55 samples at 385~ 

magnetic splitting is observed. The magnetic field for the pure iron is 330 kOe. 
The slight broadening of the line is the effect of the presence of promoters, which 
disturb the surroundings of the iron atoms (typical intensity half-width for pure 
iron: F = 0.15 mm/s). 

The spectrum of the Co55 catalyst after reduction (fig. 7B) is similar to that 
observed for the cobalt free catalyst. It is the sextet resulting from the magnetic 
splitting of iron. The visible broadening of lines (with the relation to the pure iron) 
and, after an analysis, the visible slight asymmetry suggest the presence of a second 
magnetic component with similar but slightly higher field value (fitting of this spec- 
trum with the single sextet results in the higher value of the magnetic field). Prob- 
ably it is evidence for the formation of an intermetallic iron--cobalt compound. 
This spectrum was fitted with two magnetic components, the first the pure iron, the 
other one the Fe-Co system compound. Phase diagram analysis for the Fe-Co sys- 
tem [20] in the same temperature range as used in the present study shows the possi- 
bility of formation ofintermetallic compound Fe3 Co. 

Reduction behaviour as a result of cobalt addition is followed by the change of 
adsorption properties of the "cobalt catalyst" sample. For the case of adsorption 
of gaseous nitrogen at the liquid nitrogen temperature on the surfaces of both 
"cobalt" and typical iron catalysts (samples Co55 and Co00, respectively) an unex- 
pected result can be concluded. The sample which adsorbs more nitrogen (Co00) 
is less active in ammonia synthesis. That means that adsorption properties of the 
studied samples during measurement under low temperature adsorption conditions 
are very different from those at the ammonia synthesis temperature. The next 
adsorption measurements were then provided in situ at higher temperatures. 

Adsorption of nitrogen at 385~ is presented in fig. 9. Adsorption of this compo- 
nent is higher on the surface of the more active catalyst sample (sample Co55 - 
"cobalt" catalyst). The opposite effect is observed for thecase of hydrogen(fig. 10) 
and for the case of ammonia adsorption at 100~ (fig. 11). Chemisorption of nitro- 
gen is much higher for the case ofthe "cobalt" catalyst (fig. 12). 
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Adsorption of nitrogen on the different faces of the single iron crystal showed 
[4] that the Fe(111) surface dissociatively chemisorbed nitrogen 20 times faster 
than the Fe(100) surface and 60 times faster than the Fe(110) surface. The addition 
of potassium reduced this effect. Single crystal experiments also have shown [21] 
the possibility of surface restructuring by aluminium oxide during water pretreat- 
ment. For the case of the much more complicated industrial iron catalyst (similar to 
the samples measured in this study) Strongin and Somorjai [4] suggest that interac- 
tion between promoters and iron results in formation of solid solutions which could 
prevent planes such as Fe(111) formed during reduction from converting to more 
thermodynamically stable planes, such as Fe(110) and Fe(100) surfaces. Results 
observed during the present work confirmed restructuring of the iron catalyst sur- 
face by cobalt addition as postulated in ref. [17]. Its action can be similar to the 
role of aluminium oxide - stabilization of active iron planes on the catalyst 
surface. 

Let us now discuss hydrogen adsorption/chemisorption data. Guess [21] demon- 
strated for the case of supported iron catalysts the small extent of adsorption of 
hydrogen molecules at room temperature and a considerable increase of hydrogen 
adsorption at the higher temperature of 200~ The low content of hydrogen 
adsorption is attributed [21] to the stability of a monolayer of oxygen atoms on 
most of the crystallographic surfaces of iron. The only oxygen atoms which can be 
removed easily by hydrogen reduction are those adsorbed on the closely packed 
Fe(110) surface. This iron plane is pure in ammonia synthesis, so it should be con- 
cluded that a catalyst which chemisorbs more hydrogen will be less active in ammo- 
nia synthesis. Moreover, the ratio of the surface occupied by Fe(111) to the total 
iron surface atoms is, for such sample, less than for more active catalysts. In the 
case of the catalysts described during this study it can be postulated that (according 
to the hydrogen adsorption results) the Co55 catalyst surface offered more active 
adsorption sites than the Co00 (cobalt free) catalyst. This surface restructuring is 
probably an effect of cobalt addition. 

Addition of cobalt caused the growth of chemisorption of nitrogen under ammo- 
nia synthesis conditions and decreased the adsorption of ammonia. "Cobalt" cat- 
alyst under reaction conditions adsorbed more nitrogen and more easily desorbed 
the products of catalytic reaction. This results in the growth of the catalytic activity 
observed during a kinetic test. 

5. Conclusions 

(1) Addition of cobalt produced the change of adsorption properties of fused 
iron catalyst for ammonia synthesis. 

(2) Chemisorption of nitrogen is much higher for the case of "cobalt" catalyst. 
This is probably the effect of surface restructuring. 

(3) Growth of nitrogen chemisorption and decrease of ammonia adsorption 
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resulted in the growth of catalytic activity of "cobalt" catalysts in ammonia 
synthesis. 
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