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Catalytic Decomposition of Ammonia over Nitrided MoNx/a-Al>,O3

and NiMoNy/a-Al,O3; Catalysts
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Ammonia decomposition over nitrided MoNx/a-Al,O; and NiMoNy/o-Al,O3 catalysts was
investigated at temperatures 600—750 °C, GHSV = 1800—3600 h~1. The conversions of ammonia
decomposition over nitrided MoNx/a-Al, O3 and NiMoNy/o-Al,O; catalysts at 650 °C are as high
as 98.7% and 99.8%, respectively. The catalytic activity of ammonia decomposition varies
significantly with the Ni/(Ni + Mo) atomic ratio, and reaches the maximum when the Ni/(Ni +
Mo) atomic ratio is near 0.60. XRD characterization shows that the catalyst phases are in nitrided
forms, such as Mo,N and NizsMosN. The high activity of the nitrided MoNx/a-Al,O3; and NiMoNy/
a-Al,O3 catalysts is attributed to the nitride phases formed from the preparation and the reaction

in the presence of ammonia.

Introduction

The catalytic synthesis and decomposition of am-
monia have been studied extensively in both aspects of
the fundamental understanding and industrial applica-
tions, and the studies on these reactions have had
important impact on the development of catalytic sci-
ences and technology.®> The ammonia synthesis pro-
vides the world with an essential feedstock for the
production of fertilizers and nitric acid derivatives, while
the decomposition reaction involves mainly producing
controlled atmospheres for heat treatment in the metal-
lurgical industry®—8 and eliminating the ammonia pol-
lution from the ammonia-containing waste gases.®~14

Earlier studies on ammonia decomposition are sum-
marized in a number of reviews.>1%16 Among metal
catalysts, ruthenium and iridium are the most active
catalysts for ammonia decomposition under mild con-
ditions.17=20 Alloy catalysts, such as Fe—Al—K, Fe—Cr,
La—Ni (—Pt) and La—Co (—Pt),212 have been also
investigated and show high activity for ammonia de-
composition. But noble metals are generally not used
in the commercial processes because of the high cost.
The supported Ni catalyst has been widely used in
industry,51° but the reaction temperature of ammonia
decomposition over supported Ni catalysts is usually
required to be as high as 1000 °C.1011

Transition metal nitrides and carbides, such as MozN,
VN, and VCx, have also been tested for ammonia
decomposition. It has been shown that the catalytic
properties of nitrides and carbides resemble those of
noble metals in the involved-hydrogen reactions.24-26
However, ammonia decomposition on nitrided NiMo
catalyst has not been reported for ammonia decomposi-
tion though NiMo alloy catalysts have been examined
for ammonia synthesis.?’ It is of interest and of practical
importance to study the catalytic decomposition of
ammonia over transition metal nitrides. Generally, the
ammonia decomposition reaction is carried out at high
temperatures, so o-Al,O; was used as the catalyst
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support. In this paper, it is found that the nitrided
MoNx/a-Al,03 and NiMoNx/a-Al,O3 are very active
for ammonia decomposition and the conversion for
NiMoNx/a-Al,0O3 can be as high as 99.8% even at 650
°C, which is far below the temperature for the com-
mercial process, such as the process producing con-
trolled atmospheres for the heat treatment in metal-
lurgical industry® and the process of ammonia from
coke-oven gas and citizen gas.1011

Experimental Section

o-Al,O3-supported NiMo catalysts were prepared by
the incipient wetness technique; namely, the support
a-Al;O3 (with specific surface area 5 m?/g from Tianjin
Institute of Chemical Engineering) was impregnated
with an agueous solution of ammonium heptamolybdate
and/or nickel nitrate. The prepared wet sample was
dried in air at room-temperature overnight and then at
120 °C for 5 h and finally calcined in air at 500 °C for
5 h.

The nitrided MoNx/a-Al,O3 and NiMoNy/a-Al,O3
catalysts were prepared by temperature-programmed
reaction of above oxidic precursor with ammonia using
a fixed-bed microreactor, a quartz tube with an inner
diameter of 8 mm. Typically, about 700 mg (1 mL) of
catalyst particles with 20—40 mesh was used. The
temperature was increased from room temperature to
450 °C in 90 min and from 450 to 700 °C in 250 min;
finally, the temperature was maintained at 700 °C for
120 min. The nitrided NiMoNy/a-Al,O3 sample was
cooled to temperature in flowing ammonia and then
passivated in a stream of 1% O,/N,. The as-prepared
sample is called passivated NiMoNy/a-Al,O3 catalyst.
The nitrided samples without meeting oxygen are called
fresh nitrides catalysts.

The oxidic, used, and passivated samples were exam-
ined by X-ray diffraction (XRD) on a Rigaku Rotaflex
(Ru-500) diffractometer equipped with a Cu target and
Ni grating monochromatic system.

The catalytic activities of as-prepared fresh catalyst
were tested in situ at 600—750 °C with GHSV 1800 h™.
The ammonia decomposition reaction was performed
with pure ammonia (purity >99.9%) under atmospheric
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Figure 1. Activity of ammonia decomposition over MoNx/o-Al,O3
catalysts with different MoO3 loading (reaction temperature, 650
°C; GHSV, 1800 h™1).

pressure and at the different space velocity of ammonia.
The gaseous effluent from the reactor was neutralized
by sulfuric acidic solution containing an indicator
(methyl red). As soon as the neutralizing reaction is
over, the color of the solution is changed from red to
orange. The amount of effluent ammonia can be esti-
mated accurately from the consumed amount of sulfuric
acidic solution. For comparison, a commercially used Ni/
MgO (6.0 wt % NiO) catalyst was also tested under the
same reaction conditions.
Ammonia conversion is defined as the following:

(NH3)feed - (NH3)ef‘quent
(N H3)feed

conversion (%) = x 100%

Here (NH3s)teeqd @and (NH3)etriuent @are NHsz moles per unit
time in the feed and effluent, respectively. This is so
that the ammonia concentration in the effluent can be
calculated from ammonia decomposition equation since
the feed is pure ammonia. The results obtained are
consistent with the concentrations obtained from mea-
suring the amount of N, and H; in the effluent using a
wet-flow meter and the amount of ammonia in the
effluent by sulfuric acid absorption.

Results and Discussion

Effect of Mo Loading on the Catalytic Activity
of Ammonia Decomposition. Figure 1 shows the
ammonia decomposition activity of nitrided MoNx/
o-Al,O3 catalysts at 650 °C, with the MoO3 loading from
0 to 12.0 wt %. The conversion of ammonia is about 54%
for the blank test at 650 °C. The a-Al,O3 support shows
conversion of 57%, slightly higher than that of the blank
test, indicating that the catalytic contribution from the
support is negligible. The catalytic activity is increased
progressively with the increase of MoO3; loading in
the range of 2.0—12.0 wt %. The activity of ammonia
decomposition is not obviously increased with MoOg3;
loading less than 2.0 wt %. The result may suggest that
the catalyst with MoOj; loading below 2.0 wt % is
difficult to be nitrided. A dramatic improvement occurs
with a further increase in MoO3 loading above 2.0 wt
%. The ammonia conversion becomes constant at about
98.5% when the Mo loading is higher than 10.0 wt %.
Therefore, The molybdenum loading of 10.0 wt % MoO3
loading is used in the following experiments.

Ammonia Decomposition Activity as a Function
of Ni/(Ni + Mo) Atomic Ratio. Nickel catalyst has
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Figure 2. Ammonia decomposition activity as a function of Ni/
(Ni + Mo) atomic ratio for the nitrided NiMoNy/o-Al,Ozcatalysts
at 650 °C with GHSV of 1800 h™2.
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Figure 3. Ammonia conversion vs time on stream for the oxidic
NiMo/o-Al,O3 and passivated NiMoNy/o-Al,O3 catalysts.

been employed in the commercial processes of ammonia
decomposition. However, the bimetallic NiMo catalysts,
particularly in the nitrided form, have not been reported
for the ammonia decomposition. Figure 2 shows the
ammonia decomposition activity of nitrided NiMoNy/
o-Al>O3 catalyst with Ni/(Ni + Mo) atomic ratio. Inter-
estingly, it is found that the activities of the nitrided
NiMoNy/a-Al,O3 catalysts are much higher than MoNx/
o-Al;03 and Ni/a-Al,O3 alone when the Ni/(Ni + Mo)
atomic ratio is below 0.60. The catalyst activity in-
creases with the Ni/(Ni + Mo) atomic ratio from O to
0.60 but decreases with further increasing of the amount
of Ni. The ammonia conversion reaches a maximum of
99.8% when the atomic ratio of Ni/(Ni + Mo) is near
0.60. The results show that adding Ni into the Mo/Al,O3
catalyst can improve the activity of ammonia decompo-
sition.

Effect of Prenitridation on the Activity of Am-
monia Decomposition. It is well-known that nitrides
of early transition metals possess excellent catalytic
properties in some reaction.2> Under the reaction condi-
tion of ammonia decomposition, the catalyst could be
nitrided or partially nitrided. The ammonia conversion
versus time on a stream over oxidic catalyst and
passivated NiMoNy/a-Al,O3 (freshly nitrided sample
was passivated in a stream of 1% O,/N, at room
temperature) is given in Figure 3. It is found that the
ammonia conversion over oxidic catalyst increases with
reaction time during the first 2 h and then becomes
stable. This can be explained by a slow nitridation of
the catalysts under the reaction conditions. The am-
monia conversion over passivated NiMoNy/a-Al,O3 cata-
lyst shows the higher initial activity, and its activity is
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Table 1. Conversion of Ammonia Decomposition over
MoNx/a-Al,O3 and NiMoNy/a-Al,O3z and Commercially
Used NiO/MgO Catalysts?

GHSV conversion (%)
catalyst (h~1) 600°C 650°C 700°C 750°C
MoNx/a-Al,03 1800 n 98.75 n n
3600 75.2 97.3 99.7 n
NiMoNy/a-Al,O3 1800 n 99.3 n n

3600 78.9 90.4 99.8 >99.9
NiO (6 wt %)/MgO 1800 69.9 87.5 98.8 99.9
3600 n n 89.2 96.8

an = not tested.

further increased slowly with stream on time because
some oxidic layer on the passivated NiMoNy/a-Al,O3
was renitrided during the ammonia decomposition. The
passivated NiMoNy/a-Al,O3 catalyst shows higher ini-
tial activities than that of oxidic NiMo/a-Al,O3 catalyst,
and then the activities of both catalysts reach the same
level after a reaction for 2 h. The higher activity of the
passivated NiMoNy/a-Al,O3 catalysts can be attributed
to the nitride phases already formed, and the passivated
oxidic layer on the nitrided surface is relatively easily
renitrided during the reaction with ammonia. The
passivated NiMoNy/o-Al,O3; catalyst and the oxidic
NiMo/a-Al,O3 catalyst after ammonia decomposition
reaction show the same XRD pattern. This indicates
that the oxidic NiMo/a-Al,O3 is gradually transformed
into the nitrided form under the reaction conditions of
ammonia decomposition.

Effects of Temperature and GHSV on the Cata-
lytic Activity of Ammonia Decomposition. The
effects of temperature and GHSV on the catalytic
activity of ammonia decomposition for the nitrided
MoNx/a-Al,03 and NiMoNy/a-Al,O3 catalysts have been
also investigated. From Table 1, it can be seen when
reaction temperature is raised from 600 to 700 °C with
the GHSV of 3600 h~! the catalytic activities of am-
monia decomposition over the nitrided MoNx/a-Al,O3
and NiMoNy/a-Al,O3 catalysts are increased from 75.2%
and 78.9% to 99.7% and 99.9%, respectively. The
catalytic activities over the nitrided MoNx/a-Al,O3 and
NiMoNy/a-Al,O3 catalysts at 650 °C are 99.4% and
99.9%, respectively, when the GHSV is lowered to 900
h~1, indicating that the nitrided MoNx/o-Al,O3 and
NiMoNy/a-Al,O3 catalysts are very active for ammonia
decomposition.

Comparison between the Supported NiMo Cata-
lyst and a Commercially Used NiO/MgO Catalyst.
The reaction activities of ammonia decomposition for the
nitrided NiMoNy/o-Al,O3 catalyst and a commercially
used Ni/MgO catalyst are compared in Table 1. The
conversion of ammonia at 750 °C is only 96.8% for Ni/
MgO catalyst, while the conversion of ammonia at 700
°C is as high as 99.8% for nitrided NiMoNy/a-Al,O3
catalyst with a GHSV of 3600 h~1. It turns out that the
nitrided NiMoNy/a-Al,O3 catalyst is more active than
the Ni/MgO catalyst, so the reaction temperature of
ammonia decomposition over nitrided NiMoNy/o-Al,O3
can be relatively lower than that for Ni/MgO to get the
same conversion.

XRD of Oxidic, Used NiMo Catalysts, and Pas-
sivated NiMoNx/a -Al,03 Catalyst. XRD patterns of
oxidic and used NiMo/o-Al,O3 catalysts were recorded
to identify the phases formed in the reaction and to
understand the interaction between Ni and Mo on the
o-Al,O3 support. However, it is difficult to identify the
Ni and Mo phases of the NiMo/a-Al,O3 catalyst with
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Figure 4. XRD patterns of NiMo/a-Al,O3 catalysts and a-Al;03:
(a) o-Alx03; (b) oxidic NiMo/a-Al,O3 catalyst; (c) passivated Ni-
MoNy/a-Al,O3 catalyst; (d) NiMo/a-Al,O3 catalyst after a reaction
with ammonia at 650 °C.

6.0 wt % NiO and 10.0 wt % MoOs for above reaction
because of the interference of a-Al,O3 patterns and too
low Ni—Mo loading. So a NiMo/a-Al,O3 catalyst with
12.0 wt % NiO and 20.0 wt % MoO;3; loading was
specially prepared for the XRD experiment. As shown
in Figure 4, the crystalline phases of the oxidic NiMo/
o-Al,O3 catalyst are mainly composed of MoO3; and
NiMoOg, and their typical diffraction peaks are at 26 =
26.8, 28.82, 32.64, 43.8, and 47.5°. The fact that there
are no diffraction peaks of crystalline NiO (20 = 37.5,
43.2, and 63.0°) in the catalyst precursor suggests that
the NiO is dispersed in the oxidic NiMo/a-Al,O3 catalyst.

After an ammonia decomposition reaction, the dif-
fraction peaks of MoO3z; and NiMoO, disappeared. For
the used catalyst (Figure 4d), the XRD peak due to
MozN is detected at 26 = 43.9° and the peak at 20 =
37.8° may be superimposed with the peak of a-Al,Og;
the diffraction peaks at 26 = 40.9, 45.4, 51.2, and 72.8°
could be ascribed to NizMozN.?8 No diffraction peaks of
Ni at 260 = 44.4 and 51.7° are observed. The passivated
nitride sample from temperature-programmed reaction
with ammonia at 700 °C also gives the same XRD
pattern as those of the used catalyst (see Figure 4c).
This indicates that the oxidic NiMo/a-Al,O3 catalyst is
gradually transformed into the nitrided form NiMoNy/
a-Al,O3 under the reaction conditions of ammonia
decomposition. It is suggested that the nitrided phases,
such as MozN and NizMozN, are active phases for the
ammonia decomposition because their formation is in
parallel with the increase of the activity. Besides, some
activity contribution from metal Ni cannot be ruled out.

Conclusion

In summary, the nitrided MoNx/a-Al,O3 and NiMoNy/
o-Al,O3 catalysts show high activities for ammonia
decomposition. The conversion of ammonia decomposi-
tion over the nitrided NiMoNy/o-Al,O3 catalysts is
higher than 99% even at 650 °C, and the ammonia
conversion reaches a maximum of 99.8% when the
atomic ratio of Ni/(Ni + Mo) is near 0.60. XRD charac-
terization of NiMo catalysts indicates whenever the
NiMo/a-Al,O3 catalyst is in an oxidic or nitrided form,
it eventually becomes the nitrided forms under the
conditions of the ammonia decomposition reaction. The
high activity of the nitrided MoNx/o-Al,O3 and NiMoNy/
o-Al;O3 catalyst is mainly attributed to the nitrided
phases, such as Mo,N and NizMosN.
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