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Uranium nitride has been shown to be an interesting catalyst for synthesis of 
ammonia at pressures of 30 atm and at temperatures between 375” and 550°C. The 
apparent activation energy is about 18 kcal. It was found that pretreatment at 525°C 
and then freezing the equilibrium by cooling below the working temperature and sub- 
sequently raising the mixture to the synthesis temperature produced a marked increase 
in activity, which is transient, the catalyst slowly reverting to its steady activity. 

INTRODUCTION 

It has Iong been known that uranium 
(nitride) is a catalyst for the ammonia 
synthesis (I-4). That this should be so is 
surprising, for in the light of the current 
theories of the ammonia synthesis it would 
not be expected that an actinide metal or 
its bulk nitride would be an ammonia 
catalyst. However, the active catalyst is 
the nonstoichiometric uranium sesquinitride 
phase, which has a wide range of nitrogen 
composition, and therefore it is possible that 
the nitrogen content of the catalyst will vary 
during the reaction depending on the tem- 
perature and the nitrogen partial pressure. 
The possibility also arises that the nitrogen 
from the catalyst itself may influence the 
reaction. Because reliable data on the 
uranium-nitrogen system have only recently 
become available, it has not been possible 
hitherto to investigate these problems 
thoroughly. In fact, over 30 years ago, 
although in somewhat different terms, it 
was suggested by Frankenburger (4) that 
the system should be further studied. 

UzN3 was first identified as having a body- 
centered cubic structure of the rare earth 
type-C, (MmO,) (5). This is the structure 
usually found for UzN3 and is the one with 
which this work has been concerned. It may 
be regarded as being derived from the 
fluorite structure of UN, by the ordered 

removal of nitrogen, with a slight distortion 
of the uranium sublattice. Conversely, these 
nitrogen vacancies in UzN3 may be filled by 
additional nitrogen atoms, and this has led 
to the concept of a homogeneous solid phase 
existing between U2N3 and UN2 (5). Nitrides 
of composition UN1,5+, can be readily re- 
duced with hydrogen as far as UNl.sr after 
which reaction occurs only very slowly and 
only at elevated temperatures (6). This is 
contrary to the work of Francis and Hodge 
(7), who report no reaction between UN1.75 
and hydrogen. U2N3 can be pyrophoric 
depending on the method of preparation, 
and it takes up oxygen at the surface on 
exposure to air for some time at room tem- 
perature (8). 

EXPERIMENTAL 

Catalyst Preparalion and Analysis 

The uranium sesquinitride catalyst was 
prepared by treating small slugs of uranium 
metal with purified hydrogen at 225°C until 
all the uranium had reacted; the tempera- 
ture was then increased to 850°C and the 
gas stream changed to purified nitrogen. 
When not in use the catalyst, which was used 
in powdered form, was stored in the dark 
under trichlorethylene, which was shown, 
by chemical and X-ray analyses, to be inert 
to uranium nitride. 
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Spectrographic analysis showed that the 
major impurities (other than oxygen) were 
iron (300 ppm on the basis of uranium in 
U308), carbon (100 ppm), and copper 
(50 w-4. 

The method of Kriege (4) was used to 
determine the total uranium in the catalyst. 
About 200 mg of sample was weighed out 
in a platinum boat and ignited in a slow 
stream of oxygen at 800°C for 1 hr, the 
product being removed and weighed as 
U308. 

The analysis of nitrogen was less satis- 
factory, a number of methods being 
attempted. Both the Kjeldahl method of 
Lathouse et al. (10) and an inert gas fusion 
method using a Leco-Nitrox 6 analyzer 
yielded erratic results. A recently developed, 
modified Kjeldahl procedure (14), where the 
sample is digested by treatment with 
surfuric acid and copper selenate under con- 
trolled reflux conditions, was finally adopted. 
This procedure gave reproducible results, 
but according to Milner et al. (II) the values 
are likely to be low by as much as 2.5y0. 

As there was no method available for its 
direct determination, oxygen was estimated 
by difference. It must be emphasized that, 
while the uranium analyses are considered 
to be accurate, the figures for nitrogen are 
probably somewhat low and those for oxygen 
consequently high. It is thus not justifiable 
to assign precise formulas to the samples. 

X-Ray diffraction analyses were carried 
out on both a Phillips and a General Electric 
X-ray diffractometer using a copper target 
tube with a nickel filter. 

Surface areas were determined by the 
continuous flow method, using nitrogen as 
adsorbate at - 195°C and helium as carrier 
gas. 

Apparatus 

The catalytic reaction was studied at a 
total pressure of 30 atm in the range 
33%547°C. The synthesis gas was usually 
the stoichiometric mixture flowing at a rate 
of 4.15 liter (STP)/hr. 

The high-pressure system was the same 
as that employed by King and Sebba (12) 
in their investigation of ammonia synthesis 
over vanadium nitride catalysts. A known 

mixture of hydrogen and nitrogen was 
purified by passing it through consecutive 
beds of palladiaed asbestos heated to 
3OO”C, self-indicating silica gel, potassium 
hydroxide pellets, and finally Anhydrone 
magnesium perchlorate. The mixture was 
then flowed through the catalyst bed at 
definite space velocity, pressure, and tem- 
perature, and the effluent gases analyzed. 
The nitrogen and hydrogen were determined 
by a method based on the difference in their 
thermal conductivities, using thermistor 
elements in a simple Wheatstone bridge 
circuit. The ammonia was analyzed con- 
tinuously by an automatic coulometric titra- 
tion procedure (13). 

A simple vacuum system consisting of a 
single-stage rotary pump, a three-stage 
mercury diffusion pump, a McLeod gauge, 
and two cold traps, was connected to the 
high-pressure apparatus. This was used to 
ensure that no gases, other than the synthesis 
mixture, were in contact with the catalyst. 

RESULTS AND DISCUSSION 

One of the most interesting outcomes of 
this work has been the observation of an 
unusual transient behavior shown by the 
catalyst. Detailed consideration is given 
to this phenomenon in the following 
paper, but it must be noted here that this 
behavior has its origin in the fact that under 
some conditions the first few subsurface 
layers of the catalyst are able to take up 
additional nitrogen and that under different 
conditions this “extra” nitrogen is able to 
participate in the synthesis reaction. This 
further nitridation is favored by higher 
nitrogen pressure (according to a Henry’s 
law relation PN>) and also by higher tem- 
peratures (since at the relatively low tem- 
peratures used the further nitridation of 
uranium sesquinitride is unable to reach 
t’rue equilibrium). 

As a result of these effects the approach 
to steady state in the rate of formation of 
ammonia under a particular set of experi- 
mental conditions was critically dependent 
on the immediately previous history of the 
catalyst. Nevertheless, the catalyst behaved 
consistently and reproducibly with the 
exception that there was a slight decrease in 
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activity with time. Since purification of the 
synthesis gases was not complete, traces of 
oxygen and/or water vapor were probably 
present. Uranium nitride is thermodynami- 
cally unstable with respect to the oxide at 

TABLE 1 
ACTIVATION ENERGIES FOR Two CATALYSTS 

Catalyst 

Temperature 
range 

(“C) 

Apparent 
activation 
C?lN?CgY’ 

(kcal/mole) 

Nl 338-547” 18.1 
348-547” 18.6 
347-525’ 19.3 

N2 375-525” 16.3 
439-500” 17.0 
375425” 17.4 

a Estimated error in activation energy values: 3%. 

the temperatures used, so that the catalyst 
was slowly and continuously being poisoned 
during the course of a run, with progressive 
decline in activity. 

Two catalyst samples were extensively 
studied, catalyst Nl for 8 months, and 
catalyst N2 for 6 months. Values of the 
apparent activation energy (as calculated 
from log rate in mg ammonia/hr versus l/T) 
were obtained at roughly 2-month intervals 

for both catalysts. The results are shown in 
Table 1, and representative Arrhenius plots 
for catalyst N2 are given in Fig. 1. 

-0.8’ ’ ’ ’ ’ 1 ’ 1 
1.2 1.3 1.4 

I /T  x103 
1.5 

I I 
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FIG. 1. Arrhenius plot for catalyst N2. 

In Table 2 the results of the various 
chemical and physical analyses of the 
catalysts are given. Before Nl was removed 
for analysis it was kept in the synthesis 
gases at 375°C for about 2 weeks; it was 
then cooled to room temperature, a portion 

TABLE 2 
ANALYSES OF CATALYSTP 

Catalyst Nl Catalyst N2 

Before u8e After use 

(a) (b) Before use After use 

UC%) 91.00 89.80 89.71 91.02 90.84 

NC%) 8.70 8.20 8.32 8.73 7.83 
Impurities (To) 0.05 0.05 0.05 0.05 0.05 
O(%‘,) 0.25 1.95 1.92 0.20 1.28 

Surface area (m*/g) 1.37 

Lattice constant 10.670 
(A) (UN,.s) 

- 3.92 4.07 

10.658 
(UN,.d 

5.472 
(UO2+,) 

10.652 
WK.d 

5.470 
WOz+z) 

1.29 

10.668 
(UN1 .d 

- 

10.692 
WNMJ) 

5.486 
(UOz+d 

Weight (g) 3.5 

- 

3.9 

a Pure UN1.6 contains 91.8y0 U and 8.20/, N. The impurities were estimated from the spectrographic 
analyses. The nitride phase had the Mnz03 structure, and the oxide the fluorite structure. The oxide phase 
was identified as UOr+,, where z is very small, probably less than 0.03 (1.4). The (approximate) nitrogen-to- 
uranium ratios given in parentheses after the lattice parameters were obtained by comparing the value of 
the latter with recent data (16) showing the variation of lattice constant with nitrogen content. 
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taken for analyses (sample a), and the 
procedure repeated for a temperature of 
525°C (sample b). After use catalyst N2 
was reduced in a stream of pure hydrogen 
at 525°C for 1 week before being analyzed. 

Table 1 shows that there was a steady 
increase in the activation energy of both 
catalysts with time. Also, Nl has a somewhat 
higher value than N2. It has already been 
noted that there is a slow decline in activity 
of each catalyst during the course of its use 
and that this is a result of the slow continu- 
ous oxidation of the catalyst. 

It seems reasonable to relate the increasing 
activation energy to the increasing degree of 
oxidation. The higher activation energy over 
Nl can be accounted for on the same basis, 
since this catalyst was found to contain a 
greater fraction of uranium dioxide. The 
higher contamination of Nl was probably 
the result of an inadvertent fault in the gas 
purification syst,em shown after Nl was 
introduced into the reactor. 

The mechanism by which oxygen poison- 
ing increases the activation energy is uncer- 
tain. The presence of the oxide would 
increase the nonuniformity of the s,urface in 
the electronic, structural, and chemical 
senses. Although hydrogen would probably 
adsorb on uranium dioxide, it is doubtful 
that nitrogen would do so, or at least not 
in the same way as on uranium sesquinitride. 
The oxygen in UOZ is far more strongly 
bonded than the nitrogen in WN1.,,, and 
this must affect the electronic configuration 
of the uranium atoms involved-thus the 
U-O interaction is strongly ionic (16) and 
the U-N interaction only weakly so (17). 

The increase in surface area as a result 
of the catalytic reaction can probably be 
explained as follows: The catalyst was 
initially a relatively coarse powder. As 
already mentioned, the composition of the 
catalyst, in the first few subsurface layers, 
varies according to the experimental condi- 
tions. This will result in the breaking up of 
the powder aggregates, in the same way as 
the repeated hydriding and dehydriding of 
uranium metal yields an extremely fine 
powder (18). Moreover, the changes in sur- 
face area appeared to take place in the very 
early stages of use. For instance, when 

catalyst N2 was “fresh” the steady state 
rate of ammonia formation at 375% was 
0.50 mg/hr. About 1 week later the rate was 
0.585 mg/hr, and after another 10 days it 
was 0.583 mg/hr. In other words, after the 
reaction had been carried out for only a 
short time the rate increased (corresponding 
to an increase in surface area), after which 
it remained essentially constant (the surface 
area remaining the same). The slight de- 
crease in rate with time after the initial 
increase can be attributed, as before, to the 
slow formation of uranium dioxide. An 
increase in surface area has been noted by 
Haber for uranium catalysts (I), but the 
reason suggested, that, this was the effect of 
the high pressure (about 200 atm), does not 
appear satisfactory, since the catalyst bed 
must have been at a substantially uniform 
pressure throughout. 

From the relationship 

ks/kD = KIIYr 

where ks and kD are rate constants for syn- 
thesis and decomposition, respectively; K, 
is the equilibrium constant for synthesis; 
and Y,, the stoichiometric number of the 
rate-determining step, i.e., the number of 
times that step must occur for the com- 
pletion of the overall reaction, it is possible 
to relate the activation energy for the syn- 
thesis to that for the decomposition, for 
which there are more data available. 
Assuming Y, = 1, for which there now seems 
strong evidence in the case of iron (19) and 
which is found to be the case here (see 
below), it is found that the equivalent values 
of the activation energy for ammonia decom- 
position over uranium sesquinitride lie be- 
tween 40 and 44 kcal/mole. These values 
compare closely with the values on iron and 
other catalysts [see Bond (ZO)]. Temkin and 
Kiperman (81) have stated that the activa- 
tion energy is almost independent of the 
nature of the catalyst, which “proves” that 
the reaction mechanism is identical on vari- 
ous catalysts. However, it must be noted 
that the activation energy for the decompo- 
sition over vanadium nitride is about 56 
kcal/mole (12). 

In the present work there is strong evi- 
dence that the release of nitrogen from the 
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UzN3 catalyst causes a marked acceleration 
in the rate of formation of ammonia. This 

where k is the rate constant for synthesis; 
x, ze, are actual and equilibrium partial 

can be illustrated in a number of different 
ways, but as this is discussed more fully 

pressures of ammonia; and V is space 
velocity. The data are plotted in Fig. 4. It 

in the following paper (1%) it will be sufh- 
cient to note the effect of slowly increasing 
the hydrogen content of the synthesis mix- 0.8 0.2 

ture at a temperature of 375’C (Fig. 2). 
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FIG. 2. Effect of increasing Hz content on rate of 
ammonia synthesis. is noteworthy that for the special case where 

x8 is low and the value of (Y in the Temkin- 
As the percentage of hydrogen rises, the Pyzhev equation (23) is 0.5, this latter 
rate passes through a maximum, correspond- equation reduces to an expression of exactly 
ing to the participation in the synthesis the same form as Eq. (1) above (.%‘L$). 
reaction of nitrogen from the catalyst in 
addition to that from the gas phase. There 
can thus be no doubt that the rate-deter- 

-l.l- 

mining step over uranium sesquinitride is 
the adsorption of nitrogen into an active 
state, for if this were not the case this addi- 

B -1.6 - 

tional supply of nitrogen would not affect 
-; 
- 

the rate. 2.1 - 

Figure 1 shows that the kinetics are con- 
tinuous throughout the temperature range 
studied. Further kinetic data were obtained. 

I / 1 I 
0 IO 20 30 40 

10% I” k3, hr 

0 

at 375°C and a total pressure of 30 atm, by 
varying the space velocity and measuring 

FIG. 4. Verification of rate equation (1). 

the steady state yield of ammonia in each 
case (Fig. 3). An equation derivable from 
the stoichiometric number concept of 
Horiuti (22), assuming that v,. = 1 and that 
the rate of ammonia decomposition is first 
order with respect to the actual partial 
pressure of ammonia, is found to fit the 
data closely. The equation can be written 

- log (1 - (z/s,)~) = (2k/V) + constant 
(1) 

It has been stated that those metals which 
are good ammonia catalysts are unable to 
form nitrides with elementary nitrogen, at 
least at the temperatures and pressures used 
in the catalytic synthesis (20, 25). This 
being so, bulk uranium metal should not be 
suitable as an ammonia catalyst since under 
synthesis conditions it readily forms a nitride 
in the composition range UzN3-UNz; thus 
according to Haber and Greenwood it is the 
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uranium nitride, not the uranium metal, 
that is the active catalyst (2). Furthermore, 
the exact composition of the catalyst is a 
function of the experimental conditions. 

Even allowing for the fact that Franken- 
burg (25) was primarily concerned with 
“stable” bulk nitrides, it would appear that 
his contention that such materials cannot 
be ammonia catalysts has been too rigidly 
defined and interpreted. He apparently 
excluded the possibility that the nitrogen in 
the bulk nitride may not all be held with 
the same bond strength. This weakness in 
his argument has been clearly demonstrated 
by King and Sebba (12) for the case of a 
vanadium nitride catalyst. 

In the case of uranium sesquinitride as an 
ammonia catalyst it is probable that for the 
nitrides U&-UN2 there is present more 
than one type of bonding in the bulk (15,26). 
There are probably two “main” types, one 
being considerably stronger than the other. 
The more weakly held nitrogen species 
is readily accommodated or expelled by 
the solid according to the experimental 
conditions. 

It is thus likely that on a uranium sesqui- 
nitride catalyst which is still capable of 
taking up nitrogen, nitrogen chemisorbed 
from the gas phase may either penetrate 
below the surface and be accommodated 
in a nitrogen vacancy or else react with 
hydrogen (assuming that none would desorb 
in the presence of hydrogen and an “un- 
saturated” solid). The situation is well 
illustrated by a number of data (Fig. 5). 

Curve A was obtained after reducing the 
catalyst at 525°C in pure hydrogen for 2 
days (it was subsequently shown by X-ray 
diffraction that the catalyst would still have 
been in the U%NI state), cooling to lOO”C, 
and then heating to 375°C in a normal 
synthesis mixture (the curve is drawn only 
for the last part of the cycle). After the 
ammonia conversion had reached a steady 
value at 375”C, the temperature was dropped 
to 100°C and then increased again to 375°C 
(curve B), the gas mixture being the same 
throughout. 

The presumed explanation for the differ- 
ence in behavior is as follows: For the first 
curve the catalyst, after reduction with 

hydrogen, has initially a great affinity for 
nitrogen and consequently nearly all the 
chemisorbed nitrogen tends to penetrate 
below the surface. But with increasing nitro- 
gen content in the surface layers the heat 
of incorporation decreases until a point is 
reached where the heat of further nitridation 
approaches the enthalpy of reaction between 
chemisorbed nitrogen and hydrogen, at 
which stage the rate of synthesis of ammonia 
increases. The rate increases only slowly 
since at first the two enthalpies are of the 
same order, so that there is competition for 

o“.- 
0 2 4 5 

Xme hrs 

Fm. 5. Effect of pretreatment on rate of synthesis 
at 375°C; A, after reduction at 525°C; B, after 
previous steady state at 375°C. 

the adsorbed nitrogen either to react with 
hydrogen or to be incorporated. Once steady 
state is reached all the available nitrogen 
vacancies that can be filled under the pre- 
vailing conditions must be occupied, and 
so the second curve shows the far more 
rapid rate of increase of ammonia formation 
when all (or most) of the chemisorbed 
nitrogen is available for hydrogenation. 

The variation in ammonia rate with 
composition of the synthesis mixture at 
375°C and a total pressure of 30 atm (Fig. S), 
which has a broad peak extending over a 
wide range of gas composition, can probably 
be best explained as follows: In the relatively 
low range of nitrogen pressures the tendency 
is for the adsorbed nitrogen to react with 
hydrogen rather than to penetrate below 
the surface and so the rate rises rapidly. 
But as the nitrogen pressure is increased the 
incorporation process is able to commence 
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since the subsurface layers are unsaturated 
with respect to the concentration that would 
be in “equilibrium” with the nitrogen pres- 
sure in the gas phase. Hence the additional 
amounts of ehemisorbed nitrogen tend to 
penetrate below the surface, while the 
amount that reacts with hydrogen remains 
much the same. At still higher nitrogen 
pressures the incorporation process is even 
more favored and, of course, there is less 
hydrogen available for reaction, with the 
result that at the very high nitrogen (low 
hydrogen) gas compositions the rate begins 
to decrease steadily until it reaches zero at 
100% nitrogen. These arguments are well 
supported by the behavior mentioned previ- 
ously (Fig. 2). 

I % Nitrogen increasing 

0 % Nitrogen decreasing 

0.2 \o 
x I 

FIG. 6. Normal synthesis rate as function of gas 
composition. 

It seems possible that the relatively 
weakly held nitrogen from the subsurface 
layers of the catalyst may participate in the 
synthesis even under steady conditions. 
This nitrogen species does react under cer- 
tain circumstances, and it may be that these 
atoms are sufficiently mobile to migrate 
continuously to the surface and to react there 
with hydrogen. There might then be some 
type of dynamic exchange process between 
those adsorbed nitrogen atoms which are 
not immediately hydrogenated and the 
loosely bonded nitrogen atoms below the 
surface. 

An analogy might then be drawn between 
the present uranium nitride-nitrogen system 
and the various metal oxide-oxygen systems 

which have been extensively studied in 
chemisorption and catalytic processes. The 
possible correspondence between the nitride- 
nitrogen and oxide-oxygen systems has been 
noted before (20, B?), as has the structural 
similarity between UzN3-UN2 and various 
rare earths oxides (d6). The work of Winter 
($?9) is of significance since he has shown 
that lattice oxygen lying close to the surface 
of the catalyst, in addition to a species 
chemisorbed from the gas phase, can take 
part in catalytic reactions involving oxygen- 
containing gases. Of particular note is that 
in the interaction of oxygen with the 
Mnz03-Mn02 system oxygen exchange occurs 
between gas and solid (SO). 

On a weight for weight basis, a promoted 
iron catalyst is at least 150 times as active 
as uranium nitride, but then the surface 
area of uranium nitride is very much less 
than that of the iron catalyst. It is also 
possibly partiahy poisoned by oxygen. 
Could the surface area be markedly increased 
and the oxygen poisoning eliminated, ura- 
nium nitride might become a possible rival 
to the iron catalyst. 
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