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Adsorption measurements during the course of ammonia decomposition over molybdenum
catalyst have been carried out in a closed circulating system. It was found that most of the nitrogen
produced was taken up by molybdenum, and the initial rate of the reaction was independent of the

ammonia pressure in a certain region.

During the decomposition the nitrogen uptake was several

times as much as the amount required to saturate the catalyst surface, which indicates the formation
of nitride layers. The catalytic activity of molybdenum trioxide for ammonia decomposition
was also observed, and the formation of nitride layers was again suggested. The nitrogen sorbed
on molybdenum was removed as ammonia by admitting hydrogen and was displaced by oxygen

added afterwards.

Extensive studies'=? have been carried out on
the ammonia synthesis or decomposition reaction
over molybdenum, and the decomposition was
found to be zero-order. It is generally admitted
that the reaction follows zero-order kinetics when
the catalyst surface is fully covered by the reactant
or the reaction inermediate. In the case of ammonia
decomposition over molybdenum, the zeroth order
kinetics might be due to the saturated adsorption
of nitrogen on the catalyst surface. The formation
of nitride layers was suggested during the de-
composition reaction of ammonia on tungsten, which
is of zero-order kinetics.) Further information on
the surface species would be obtained by measuring
the adsorption during the ammonia decomposition
reaction over molybdenum.

Nitrogen is an inactive element as is well known,
and the formation of reactive nitrogen is a subject
of interest. The reactant adsorbed must be more
reactive than it is in the gas phase, and thus the
nitrogen adsorbed on the molybdenum would be
reactive.

In this study, the authors also investigated the
reactivity of nitrogen sorbed on molybdenum with
hydrogen and oxygen, and obtained some informa-
tion on this system.
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Experimental

The apparatus employed is a closed circulating
system and the experimental procedures are similar to
those described in a previous paper. The amounts
of gases sorbed on the catalyst surface were estimated
from the amounts of reactants introduced, and the
pressure and composition of the circulating gas. The
composition of the circulating gas mixture comprised
of ammonia, nitrogen and hydrogen was determined
by gas chromatography after removing ammonia by
means of a trap. The amount of ammonia in the gas
phase was estimated from a knowledge of the volume
of the system and the decrease in the total pressure by
trapping.

Before hydrogen was introduced, the gases were
removed by a few minutes’ evacuation of the system,
assuming that the nitrogen uptake on the surface can
hardly be lost by pumping.

The reaction between hydrogen and sorbed nitrogen
was carried out in the circulating system with trap
cooled in liquid nitrogen. The amount of ammonia
thus formed and collected in the trap was estimated
from the increase in the total pressure on removal of
the liquid nitrogen and a knowledge of the volume of
the system.

The ammonia was obtained by distillation from
ammonium hydroxide at room temperature and was
purified by repeated fractional distillation from dry-
ice to liquid nitrogen traps.

The molybdenum-A catalyst was prepared by treating
and stabilizing reagent grade commercial molybdenum,
with ammonia several times, the decomposition of
ammonia taking place. The commercial molybdenum
was reduced at 600°C with hydrogen for 50 hr to prepare
the molybdenum-B catalyst. No water formed when
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Fig. 1.
390°C.

Decomposition of ammonia over moylbdenum-A at
*: NH; in the gas phase, (O: N; in the gas phase,

@: N; uptake by the catalyst, []: H; in the gas phase, lj: H,

uptake by the catalyst.

both molybdenum-A and -B were reduced at 500°C
with hydrogen. The molybdenum trioxide catalyst was
prepared by decomposing ammonium molybdate at
400°C. Before each run, the catalysts were evacuated
to 10~* mmHg for four hours at 580°C, and the
molybdenum-B catalyst was beforehand treated with
hydrogen at 580°C to remove the sorbed nitrogen, the
amount of ammonia formed by the treatment being
checked. In this way the experimental results were
satisfactorily reproducible.

Results

Typical results of ammonia decomposition reac-
tion over molybdenum are shown in Figs. 1 and

2, where the catalysts used were different. (Fig. 1:
cat. A 160g, Fig. 2: cat. B 39.6g) As the de-
composition proceeded, the partial pressure of
ammonia decreased with time, and the pressure
of hydrogen and nitrogen increased, while the
uptake of nitrogen increased, and the amount of
hydrogen taken up was very small as shown in
Fig. 1. In the case shown in Fig. 2, no uptake of
hydrogen was observed. At higher temperatures
above 500°C, no uptake of hydrogen took place, even
when molybdenum-A was used as the catalyst,
and at 560°C the atomic ratio of molybdenum to
sorbed nitrogen increased to approximately 0.5.
The sample was identified as Mo,N by X-ray
diffraction.

The results for decomposition of various amounts
of ammonia are shown in Fig. 3, where the initial
rate of increase of the hydrogen pressure due to
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Fig. 2, Decomposition of ammonia over molyb-

denum-B 'at 404°C. The symbols used are the

same as Fig. 1.
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Fig. 3. The plots of the rate of ammonia decompaosi-

tion ((O) and the amounts of nitrogen uptake (@)
against the initial partial pressure of ammonia at
454°C (Mo-A).



346

the ammonia decomposition and the amounts of
nitrogen uptake over first fifteen minutes are
plotted against the ambient pressure of ammonia.
Both the initial rate of the formation of hydrogen
and the rate of nitrogen uptake at the initial stage
of the reaction were almost independent of the
pressure of ammonia above 140 mmHg; rate
dependence upon the pressure of ammonia, how-
ever, occurs below 140 mmHg.

The apparent activation energies of the ammonia
decomposition over the different catalysts, together
with those of other workers relevant to the discus-
sion, are given in Table 1, being estimated from the
Arrhenius plots (shown in Fig. 4) of the amounts
of gas initially evolved. These values are in good

TABLE 1. ACTIVATION ENERGIES FOR THE DECOMPOSI-
TION OF AMMONIA OVER MOLYBDENUM CATALYST

Temperature (°C) Activation
Catalyst pil;ngc energy (kcal/mol)
Mo-A  390—610 42.6
Mo-B 400 — 440 40.0
MoO, 400 — 460 43.4
Mo powder? 447 — 550 42.5
Mo wire? 725 — 850 42.7
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Fig. 4. Arrhenius plots for the ammonia decomposi-
tion over different catalyst (O Mo-A, /A Mo-B, []

Mo oxide) and the reaction between nitrogen
sorbed and hydrogen (@).
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Fig. 5. Decomposition of ammonia over molyb-

denum trioxide (3.45g) at 420°C.
/\: water vapor formed, the other symbols used
are the same as Fig. 1.

agreement with one another.

When molybdenum trioxide was used as the
catalyst, the ammonia was also decomposed, con-
siderable amount of hydrogen and nitrogen was
taken up and the formation of water vapor and
nitrogen gas was observed, while no hydrogen was
detected in the gas phase, as shown in Fig. 5. The
hydrogen taken up may exist in the form of H,O.

The reaction between the hydrogen and nitrogen
held on molybdenum was also carried out with
the nitrogen-sorbed surface being prepared by
decomposition of ammonia and the product ob-
served was identified as only ammonia from its
vapor pressure measurement.

The hydrogen pressure dependence of the rate
of the hydrogenation of sorbed nitrogen, represented
by the cumulative amount of ammonia formed
over the first one-hour period, was proportional
to Py *5 as shown in Fig. 6, where Pg, is the
pressure of hydrogen, ammonia being formed
linearly with time. The ambient pressure of the
hydrogen was represented by the average value
over the one-hour period.
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Fig. 6. Dependence of the reaction rate on hydrogen
pressure (510°C), the amount of nitrogen uptake
being 40 m/ (Mo-B).
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The rate of the reaction depends on the amount
of the nitrogen presorbed on molybdenum as shown
in Fig. 7. The rate is proportional to the amount
of nitrogen presorbed until the amount reaches
eleven times the monolayer value of 4.5 m!/ for the
surface.

The apparent activation energy for the hydro-
genation was estimated from the Arrhenius plot
of the amounts of ammonia formed at fixed con-
ditions of hydrogen pressure (400 mmHg) and
nitrogen sorbed (40 m!), to be 12 kcal/mol as shown
in Fig. 4.

The influence of the oxygen addition to the
nitrogen uptake is shown in Fig. 8, and the nitrogen
taken up was displaced by successive additions of
oxygen where the time intervals between each run
were about one-hour. In this case the total
displacing ratio of nitrogen to oxygen was ap-
proximately ten.
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Fig. 7. The dependence of the rate of the reaction
upon the amounts of nitrogen uptake at 510°C, the
ambient pressure of hydrogen being 400 mmHg
(Mo-B).
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Fig. 8. The effect of oxygen addition to the nitrogen
uptake on molybdenum at 400°C. (O: ambient
pressure of nitrogen, @: amounts of nitrogen
uptake Ny(a), A: ambient pressure of oxygen,
and A : amounts of oxygen uptake O,(a) (Mo-B).
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The BET method with nitrogen adsorption
revealed the surface area of molybdenum-A to be
0.8 m*/g, that of molybdenum-B 0.5 m?%g, and
that of molybdenum trioxide, 1.2 m?/g.

Discussion

1. Decomposition

As shown in Figs. 1 and 2, during the reaction
the amounts of nitrogen uptake are greater than
Vp in the BET equation, 31.4 m//160 g and 4.56
ml(39.6 g, respectively. The results suggest that
“surface nitride layers™ ate formed of several layers
thickness during the ammonia decomposition reac-
tion; the ratio of molybdenum to nitrogen uptake
and the result of X-ray diffraction of the sample
over which the ammonia was decomposed  at
higher temperature also support this suggestion.

The decomposition of ammonia over molyb-
denum may accordingly be shown as

NH; + 2Mo — Mo,N + 3/2H,
As shown in Fig. 3, the rate of reaction of ammonia
with molybdenum is almost independent of the
ambient pressure of ammonia above 140 mmHg
and seems to be controlled by the rate of diffusion
of adsorbed nitrogen into the bulk molybdenum.

The reaction of ammonia with molybdenum
trioxide resulted in the decomposition of ammonia
to form nitrogen and water vapour, considerable
amount of nitrogen being taken up, and the rate
of evolution of nitrogen increased with time as
shown in Fig. 5. The results may be explained
in the following way: molybdenum trioxide is
first reduced by ammonia being accompanied by
the formation of the nitride; the nitride surface
thus formed is active for the decomposition of am-
monia and the number of active sites increases with
time, while the hydrogen formed may be oxidized
immediately to water by molybdenum trioxide.

The agreement in the value of activation energies
of the decomposition carried out on the different
kinds of catalyst suggests that the active sites on
the surfaces are of the same kind and that they
exist on a molybdenum nitride surface.

2. The Hydrogenation

The rate of hydrogenation of sorbed nitrogen
can be expressed by Eq. (1), as evidenced by the
results shown in Figs. 6 and 7.

r=kPy Xy,
where X, is the amount of nitrogen taken up,
provided that the volume of Xy, is less than 50 mi/
39.6 g. This dependence of the rate on the amount
of nitrogen sorbed is to be noted. Since the
monolayer of nitrogen on the surface of the catalyst
is 4.6 ml, the amount of nitrogen up to 50 m/ sub-
stantially .exceeds the V,, value. The fact means
that the nitrogen sorbed into the bulk does promote
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the rate of hydrogenation of surface nitrogen.

The heat of adsorption of nitrogen on a metal
would reasonably be expected to be higher than
on a metal nitride, and the stability of the adsorbed
nitrogen would be decreased due to the nitride
layers. The saturation of the promotion shown
in Fig. 7 suggests that the bulk nitride phase is
established by sorbed nitrogen.

The interpretation of the reaction order in hy-
drogen must await further investigation.

The high displacing ratio (such as ten) of nitrogen
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desorbed to oxygen sorbed must be due to oxygen
having a higher affinity than nitrogen for molybde-
num, and the formation of bulk oxide is suggested.

The interconversions between metal, nitride and
oxide are schematically expressed as follows:

NH; H:
MoO; — Mo,N ——— Mo
NH;j, Ng
H, |

The authors are grateful to Professor M. Taniguchi
for his X-ray analysis.




