1.

Summary of the thesis:

"A COMPARATIVE STUDY OF THE EFFECTS OF THE NITRIDES OF THE
TRANSITION ELEMENTS ON THE ACTIVATION ENERGY FOR THE
AL'MONIA DECOMPOSITION,"

In the ammonia decomposition, the energies of activation
associated with the nitrides of the transition elements: Ti,

v, Cr, Mn, Fe, Co, and N1, have been determined at 1 atmgsphere
pressure and temperatures ranging from approximately 400~C to
500°C, Wherever possible, similar preparative and experimental
methods were used, so that the energies of activ {)on could

be compared directly.

In the introduction, it was stressed tbsgClhese nitrides
are interstitial structures, which exidt as various phases,
depending on the nitrogen content of the cémpound. Experimental
difficulties were briefly mentioned, in icular those
regarding the unstable nitrides of_cgt:b nd nickel, in which
cases very small quantities had to bé\used. For these catalysts
a special experimental procedure . equired. Previous experi-
mental work was generally descri with reference to work
regarding nitride formation durkg-the reaction, and the
possible participation of'intqé}
reaction mechanism, o

The following sectingéab a description of the apparatus
used for determining the rgies of activation. A flow system,
interconvertible to a,gzgﬁgc system was used. The former system
was found to be more 8 sfactory than the latter, which was
only used for a few €xperiments.

A further Sgsgibn dealt with the preparation of the nitrides,
in which ammonia was normally used as reactant gas with the
metal or metal nitride starting material. It was shown that the
stability of these nitrides varies systematically at operating

_itial nitrogen atoms in the

" temperatures: titanium nitride is stable,and on the other hand,

e

nickel nitride is stable only under strictly controlled condit-
ions.

fihe results show that in every case in which a wide
temperature range of study was used, there was a change in
activity at a definite temperature. Three energies of activation
were shown by iron nitride, and two by each of the nitrides
of vanadium, chromium amd manganese, Titanium nitride was found
to become active at 480°C, above which temperature an energy
of activation of 30 Kcal/mole was shown.In order to show which
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nitride phase was used in each case, a brief resume of the &
structural chemistry of the nitrides was given in this section.
The results were such that a comparison of activation
energies, based on the atomic numbers of the elements, led
to no definite conclusions. Possible relationships were,
however, discussed., It was shown that activation energy
values may be grouped according to their general magnitude,
which supports the view that different, parallel reaction
mechanisms occursimultaneously, and in such a manner that
the predominant.mechanism determines the energy o activation.
It was shown that a change in activity appears e accompanied
by a structural phase change. The similar acti{§§ion energies,
occurring at similar temperatures, suggest uch a change
in structure is not a direct cause of a cha of activity,
but rather that it may create suitable co ions for different
mechanisms to occur. Each mechanism woy hen result in
similar energies of activation for di ent catalysts. There
appeared to be a direct relationshi ween activation
energies and the temperatures at wSE}h activity changes occur,
Further, the relationship between the energies of activation
for the nitrides and the electhSép character, in particular
the d-character, of the metal s considered. No marked
relationship was shown. A c§z>arison based on geometric factors

ot

did not result in any de 8 conclusions. It was shown that
all the nitrides, under able conditions, show relatively
low apparent energies .o tivation,and that the values determin-
ed arey all similar he energies of activation associated
with a number of mgfb

The electri onductivities of the nitrides of titanium
and vanadium were measured at temperature ranges including
the temperatures at which activity changes occurred. Conditions
were similar to those observed during activation energy
determinations, There was no change in electrical properties
at the temperatures of activity change,
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1. INTRODUCTION

In spite of the industrial importance of the catalytic
synthesis of ammonia, accompsnied 2s it has been by con-
" siderable research activity, no radic2l change in the
nature of the catalyst employed has yet occurred. The
widely used technical promoted iron catalyst is a develop-
ment of a similar catalyst used in the initial experiments
for the ammonia synthesis; this is particularly striking
when the large number of cther subst#nces investigated in
- this connection is considered. Development has, however,
been rapid,the more fruitful line of research being that
in which the premoting action of varicus substances on
the iron catalyst, and the mechanism of the reaction,
were studied. In an illusive and complex problem, con-

1. and others,

tributions such as that of Frankenburger
'represent outstanding progress in the field of catalysis.
It is true that various other catzlysts are used in industry
such as osmium, uranium and an iron-molybdenum mixture, but
these are in generzal not superior to the promoted iron cat-
alysts, which, for considerations such as sustained activity
2'during'use, rigidity of bulk structure 2nd cost, is often
preferred.

While various expseriments have indicated that iron
nitride itself is 2 poor synthesis catalyst %‘it's role in
the reaction mechanism has always been considered important,

and it's formation as an intermediate product has been the

basis of much theory. Activated adsorption
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. of nitrogen is generally ccnsidered the ratc determing

step. AT technical iron catalysts, which are producecd

by the fusicn of iron»oxide (magnetite) and various pro-

moters (e.g. K50, Ca0, Al,03) followed by reduction,is

probably changed finally; if only partially to 2 nitride

when ih use. Furthermorc, the metals of the transition series
are considered the active éatalysts for the reacti¢n, provided
the.heat of formation of the nitride is low {‘ On the other hand
the nitridescf the clements which have a high heat of nitride
formation, are also active. Examples are the well-known catalysts
mclybdenum, tugsten and uranium nitrides: Thermcdynamic con-
siderations put forth by Prankenburger require that, for
efficiency, a catalyst must have a2 low heat of nitride for-
mation, so that the adsorption or descrpticn of the metal-
nitregen bond can take place invelving as little energy as
pcssible,A Oxygen poiscning experiments by Almguist and Black |
show that the activity 2and the retention of oxygen by the
catalyst ccceur in similar‘surface regions, and that the last re-
maining oxygen 2toms left on an élmost completely reducaed
surfaceg causc smallér activity than when reduction is

complete. This means that the catalyticaliy active atcms

are those of ircn which have ccnsiderable free cenergy. It

wculd therefore appear th2t the prescence ¢f other noen-
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metais, such as nitrogen, by causing a reduction in the

free energy, would cause a diminution in activity. Such
considerations lead one to expect that although nitride
formation must bean integral part'oﬁvthe reaction mechanism,
itfs presence does not enhance catalytig activity. The
active nitrides, it is thought, arc active in a different
sense, in that we have here to consider the introduction of
a different electronic factor.

While not denyiﬁg the import and significance of
previous conclusions, it was thought Jjustifieable to com- .
mence this series of experiments, in an attempt to shed more
light on the role of thé nitrides in caﬁalysis. Greenhalgh,
Slack and Trapnell 8'haVe récently sugzested that "slow .
adsorbed" interstitial nitrogen may well play a role in the
reaction mechanism. The following series of experiments
were made in order to obtain the values of ths anergies of
activation for the decomposition of ammonia associated with
the nitrides of the metals of the first transition éeries.
Experimental conditions were such, that a comparison of the
values could be based on the fact that all catalysts wwere
subjected to similar treatment, 2s far as was practically
possible. A survey of the pertipnent literature shows some-
what divergent values of activiztion énergy for a single
catalyét, which, although depending to 2a larze extent on

the history of the.catalyst employed, may partly be ascribed
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to the different methods used in the determination .of the
activation energy. This is illustrated in our experiments,
for when using a static and 2 flow reactor for testing the
activity of the same technical iron catalysts, different
results of 45 Keal/mole and 37 Kcal/mole respectively wers
obtained. |

The general title of fhis thesis includes "transition
met2l nitrides'", but it is necessary to be more specific.
The nitrides of the first transition series, with the ex-
ception of Scandium; copper and zinc nitrides were used.

9

Scandium nitridé ‘forms at a temperature of 17C0 to 180000,
and equipment for obtaining this temperature was not
available. Copper and zinc have complete electronie d-bands
~and behiave in a different manner to the othef transition
metals. Active catalysts appear to be those which exhibit
d-band charactar. 10. Copper, in an excited (cupric) state,
does show some d-band character, but the nitride decomposes
at temperatureS”considerably below the operational tempera-
tures Psed, and could therefore not be employed.

It should be made clear at the onset that the nitrides
cénnot in all cases be obtained as completely stoichiometric
nitrides. The nitrides of titanium 12'and vanadium 13+ are
the only ones that can be obtained as complete stoichiometric
interstitial structures. The other nitrides can only be

obtained as structures in which some of the intarstitial

nitrogen positions are unoccupied, and chemical analysas
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consequently show a compostion approximating to a simple
stoichiometric formula. The nitrides norm2lly exist in
varioﬁs phases in which the structural type remains unchanged
between two limits of hitrogen content. Cobalt and nickel
nitrides presented special experimental probleﬁs, since they
exist only under strictly controlled conditidns.

The initial setup was a static system, and an attempt
was made to obtain résults fcr the ammonia synthesis at 1
atmospﬁgre pressure. Equilibrium considerations 14'15'Show
that micro-quantities of ammonia resulted, even over é good
catalyst. Equilibrjum shifted in favour of decomposition
when higher temperatures were used. Attempts to me=zsure
the small yield of ammonia with sufficient accuracy and
facility were unsuccessful., These included such methods
as: ammonia absorption in acid and microtitration 16.17.
other micro-vodumetric methods, heat transfer methods using
a thermistor suspended in the centre of 2 spherical vessel
and colourimetric methods. The real difficulty was the
sampling of the gas,necessitating the efficient transfer of
an accurately measured quantity of gas from a macro-scale
reaction vessel to micro-scale equipment. For a more cén-'
venient and accurate method of experiment, a study of the
reverse reaction, the decomposition of ammonia, was then
attempted. The breakdown of the unstable,catélysts_in a
static reaction vesse%,however, inﬁroduced difficulties,
since the accumulaticn of Hydrogen, 28 the reaction pro-

ceeded, caused decomposition of the unstable nitrides.
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It was then apparent that there was slender chance that the
nitrides could have been presérved at all, during synthesis,
because of the excess of hydrogen that was present.  The
first Synthesis experimentswere attempted because it

was thought possible that at the relatively low temperatures
which were necessary during synthesis, (derived from A
aquilibrium consideraticns) at least some of the nitrides
would have remained stable for a sufficient length of time
to eomplete an experimental run. The apparatus was there-
fore modified to be inter-cgnvertible from a static to a
dynamic reaction system. This proved to be a Jjudicious
decision since increased efficiency and accuracy of measure-
ment becaﬁ%@ possible, as well as an effective handling of .
the nitrides of cobalt and nickel,

A sample of technical promoted ifon catalyst was used
to aid as a trial catalyst in the develcpment of the
apparatus. Since the order of magnitude of it's activation
energy was known, it served to some extent as a reference
catalyst, the measured activity of which showed that a cdrrect
experiméntal procedure had been used. The catalyst was
obtained by the reduction by hydrogen of iron oxide, sup-b
'plied by African Explosives, from their Moddefontein plant,
and being a technical catalyst, data regarding it's com}
position were not avéilable. The results obtained by static

and by flow method were somewhat divergengt, yet reasonable
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(45 Kcal/mble and 37 Kcal/mole respectively.) The reason for
this divergence is uncertain., The inhibiting effect of hy-
drogen, which formed in the static reactor, may account for
the high value shown by the static method. The flow-method
value -was derived indirectly. The décomposition was
measured at a constant temperature with varying space
velocity. Straight line plots of log % decomposition vs.
log. space velocity resulted for variocus temperatures. The
log rate vs l/T curve was derived from this plot, and
showed a linear relationship. These are the relations. normally
obtained for iron catalysts, 2and since thegfe appeared to be
no error in the method, it was assumed to be Jjustifiable |
to obtain Arrheniusplots directly, by measuring the de-
composition at various temperatures and constant space
velocity. |

If it is assumed that the rate determing step is the
same for synthesis and decomposition, the observed résults
should hold egually well for synthesis and decomposition.
There has been mention of a ”6ne-sided” catalyst, chromium

18

nitride, *which, it was suggested, should be an active
decomposition catalyst and a pcor synthesis catalyst. The
chromium nitride catalyst used showed two different
energies of activation, 2 low value at lower‘temperatures,
and a rather high value of 58 Kecal/mole above approximately

490°C, and generally speaking appeared to be a rather poor



catalyst.

A further limitaticn inherent in this type of experi-
ment, restricting a2 comparative study of energies of
activation, is the fact that observed energies of activation
may deviate from the true values. 19

Brief mention may be Made of current problems in
}catalysis. These concern in general the relation between
~activity, and geometricand electropic factors. The d-band
theory of mstals in relation to catalysis has recently become
prominent due to experiments by Dowden?gnd Dilke, Maxted and
Elay. Lo When comparing the catalytic activity of various
metals, the importance of electronic d-band structure as a
fundamental cause of activity is clearly shown by Bofdart 22.
Beeck's early companson of heats of adsorpticn of gases on
metalé was based cn the lattice structures of the metals.
Boudart pointed out that when considering Pauling's theory
of metals, the lattice dimensions are to be considered as
an effect rather than a cause of activity, and that fun-
damentally the electronic factors are important. The
phenomencn of slow adsorpfion of gas con metal surfaces must
be clarified; and, of interest here, is the slow adsorption
of nitrogen oﬁ iron discussed by Greenhalgh, Slack and.
Trapnell, menticned previously in our introduction. It is
interesting_to note the suggestion submitted
by these authors, that assuming slow adsorption of nitrogen

to be 24 determing factcer in the mechanism of the ammonia

!
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reaction, currant rate laws‘probafly require correction to
incorporate a Vp relation, since this rglﬁtion is obeyed

.by slow adsorption of nitrogen. Finally cne may mention the
undecided possibilities of "active sites" ie. ~heterogeneity
of the surface, and migration of adscrbed atoms on the

catalyst surface.
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2. EXPERIMENTAL

2.1  APPARATUS.

2.1l1. Function.

———— o v v —

Activation -Energy Determination.

In order to determine the energy of activation associated
with a catalyst, it is necessary to measure the rate of the
heterogeneous reaction at known and varied temperatures.

In the "flow" system, a constant flow of purfied
ammonia gas was passed over thg catalyst which was contained
in a thermostated reactiqn vessel, Underomposed ammonia was
absorbed in acid, and the combined flowrate of the remain-
ing decomposition products was a measure of the extent of
decomposition. |

When functioning as a "static" system, the rate of
pressure increase of an isolated volume of pure ammonia,
in contact with the catalyst, was used as a measure of the
rate of decomposition, since, according to the eguation
ZNH3 == 3Hp *_Ng, the dechposition products occupy twice
the volume of the original ammonia.

Provision was made for creating a high vacuum, and
for the supply of pure ammonia, hydrogen or nitrogen, where
necessary, for use in the'catalyst preparation, activation

or safe storage.
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. AMMONIA GAS SUPPLY AND PURIFICATION TRAIN.
. HYDROGEN GAS SUPPLY AND PURIFICATION TRAIN. -

NITROGEN GAS SUPPLY AND PURIFICATION TRAIN.
GAS PREHEATER. '
MANOMETER AND REACTION VESSEL.

AMMONIA ABSORPTION TRAIN AND FLOWMETER.
VACUUM TRAIN.

FLOWSHEET OF APPARATUS USED FOR THE

DIAGRAM [ :

DETERMINATION OF CATALYTIC ACTIVITY.
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2:1.2., Design.

The apparatus used is shown in plate 1, and in a
general diagram I. It consisted of ammonia, hydrogeﬁ and
nitrogen gas trdins, a preheater, a reaction vessel and
manometer, a vacuum train, a gas absorption train and the
necessary electric2l system. All parts were rigidly clamped
to a metal framework. "Pyrex" glass was used throughbut.

The whoie system was vacuum-tight, and was periodically test-~

o ad for leaks. The electrical controls were mounted on a

centrally situated switchboard.

The 2mmonia gas_train is shown schematically in diagram
IT. Speéially distilled refrigeration grade ammonia, as
supplied'by "African Explosives and Chemical Industries Ltd",
was used. The purity specified by the suppliers was 99.98%
ammonia, with a water content of less than 0.02% Rrther,
there were traces of argon and methane diésolved in the
liquid. Efficient drying was essential, since water vapour
is a strong ammoniz catalyst poison.23' Gas from a liquid
ammonia cylihder (A) was dried over calcium oxide (C) & (F)
previously ignited at approximately 1000 OC followed by
phosphorus pentoxide (G),with which dry ammonia does nét
react 2%*%%: As it is important that the ammonia be as
pure as possible, 2 further purification step was included
as a precaution. Non-condensible gases were removed by
evacuating the system, while twice distilling 2 quantity of

ammonia from the liquid oxygen traps (H) and (I). The
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The nitrogen gas train is shown in di@gram IV,

Cylinder nitrogen (A) passed over a pressurc escape- bubbler
(B) and through tap (C). Carbon dioxide was removed by
sodium hydroxide (D) 2nd drying was done by passage over
coarse calcium chloride (§) and magnesium perchlorate (F).
Oxygen was removed by passage of the gases over hydrogen
reduced copper foil in furnace (I) at 70060. Gas flowrate
was measured on an orifice-manometer type flowmeter (G)
containing di-butyl phthallate (RY as manometric liquid.

A bypass tube (J) was used at times when the finely drawn-
out capilliary orifice (L) became 2n undesirable constric-
tion. Condensible material was removod in a 1liquid oxygen
trap (H). The liquid oxygen (N) was contalned in a

Dewar flask (M) fitted into a cork-lined glass vessel (O,P)

A gas preheater was placed between the gas supply trains

and the reaction vessel. The advantages were that (i) -
during static experiments, temperature equilibrium in the
reaction vessel was rapidly regained after the ingress of
gas into the initial vacuum, so that the ﬁécessary ex-
trapolétion of the data plot to zero time was more accurate,
and (ii) during flow experiments the danger of a temperature
gradient in the catalyst bed, due to coolinz by the gas-
stream, was minimised. The preheater was an electrically
heated furnace of the normal degign, filled with glass

beads. The temperature was kept at approximately the
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DIAGRAM . THE REACTION VESSEL

1



14,

temperature of the reaction vessel,

The reaction vessel adapted for use in the flow method
of experiment was an electfically heated, thermostated
"pyrex" vessel of aboqt 200 cc. capacity (A) (See diagram Vy
"éas entered at (F), flowed through the catalyst bed, down
the annular space (G) and through (H) into the ammonia
absorption system. The vacuum line was connected at (D).
The pelleted catalyst (B) rested on glass-wool (S) in cage
(C) which was inserted into the reaction veéssel using
ground-glass joint (J) sealed in with" picien" wax (K).

The heater consisted of a nichrome element (M), thermally
insulated by asbestos string (). Expahsionvand contraction
of air in the glass jacket (J) actuated an electrical
"Sunvic" thermostst control via the make and break contacts
of tungstan () and nickel (P) and the mercury column (Lx).
O is a 3-way tap, (R) mercury traps and (L) a 2mm cz2pilliary
tube. Temperature was measured on a 520 °¢c mercury
thermometer (D) inserted into sheath (E) with the mercury
bulb in the centre of ths catalyst bed.  The safe maximum
working temperature in the "Pyrex'" vessel was about 510 oC,
and temperaturé change could be read to an accuracy greater
than 0.5°C. ©No variation in temperature at equilibrium
could be observed during the time requifed to obtain the
‘necessary data, except in the caée.of lengthy static

measurements of up to 3C minutes at a constant temperature.



DIAGRAM  THE VACUUM TRAIN
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Pressure was indicated on a mercury manometer (T) of which
arm (U) was under high vacuum, with tap (V) closed. The
mercury level was indicated on scale (X) éndlpreséure dif-
ferences were measured with the aid of a rigidly mounted
travelling microscope (Y).

The static method required the replacement of the
catalyst cage, previously described by one shown in the dia-
gram and labelled (Z). This cage, simply a perforated glass
container, served only to hold the catélyst, while not
obstructing free movement of the gas.

The vacuum train is shown in diagram V1. A vacuum of
-5

about 10 “"mm pressure was obtained by means of a mercury
diffusion pump (A) backed by a mechanical vacuum pump (F).
Between the two pumps a liquid air trap (H), a small air
cooled trap (I) and a 2-way tap (G) were inserted. The

, traps protected the backing pump from ammonia gas and mercury.
The pressure was measured by a Mcleod gauge (J), capable

of measuring a pressure of 10 mm. and of indicating a
bressure of approximately 10'6mm. (K) was 2 waterjet vacuum
pump, (M) a splashbulb, (T) a small manometer and (N) a
tilted vacuum line placed above the apparatus po prevent
mercury from enterlng the reaction vessel. The vacuum train.
was connected directly to the reaction vessel at ;xf and

to the ammonia gas train at (0).

The ammonia absorption train. used during flow experi-

ments is shown'schematically in diagram v1l. The decom-.
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position products leaving the reactioh vessel were first
cooled in a water-cooled tube (A) after which the ammonia
was absorbed in hydrochloric acid (B), approximately 3
normal. A fine sparger (C), placed as shown in a large,
tilted conical flask (D) caused an even stream of small
bubbles to travel a considerable distance through the acid,
without the gas pressure having to overcome 2 large pressure
hzad.Methyl red indicator showed when spent acid required
replacement. |

The combined flowrate of the remaining decomposition
products was méasured on a soap=-film fiowmeter described
by Gooderham Zé' It is shown in diagram V111l. The flowmeter
- shown in diazgram Vli is a modified one of this type and will
be described later. The flowmeter originally used (diagram
V11l) functioned as follows: A thin film of "Teepol" or
"Aerosol" solution was formed at the inner end of the tube.
(D) by lifting the mercury-sealed liquid reservoir (E) The
£ilm was carried up the graduated tube'(F))XWith the gas
stream) and showed the gas flowrate without causing any
resistance to the movement of the gas. It was highly sensi-
tive, and could be used with equal efficiency over a wide
range of flowrate by usihg interchangeable graduated tubes
of varying bore. Three sizes were used: 20c.c., 2c.c and
O.5c;c capacity tubes, the respective internal diameters

being 10mm, 4mm and 2mm. When measuring very émall flowrates
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of the order of 0.02 c.c/minute, it was difficult and time-
néonsuming to form a fine film in this way, as capilliary
action in the upright tﬁbe caused errors in measurement,
- and the tube tended to resist motion of the film due to a
certain amount of drying of the glass surface. At low flow-
rates the film would often break when the mercury cup was
lowered, since the rate of gasflow was "insufficient to
counteract £he sucking effect of the lowered mercury cup;‘

The flowmeter waé therefore modified to advantage for
this experiment,as follows; (See diagram yi13, flowmeter 2)
The tube was placed horizontally. A "Teepol"-film was made
to form over ﬁhe outer end of the tube at (G) by touching
the mouth of thé tube with a "teepol"-moistened wad of
cotton wool. The mercury-filled rutber tube (H) was then
lowered, causing 2 reduced pressure in the system, which
moved.the film to the inner end of the tube, from which pos—
ition it coﬁld move outward with the gas-stream. Thus it was
not necessary to rely on the gas stream to form the film,
buf it could be formed independently when required. Further-
more, the tube could be rinsed by drawing water into it be-
fore each‘measurement. This afrangement worked equally well
whatever size of graduated tube was used, provided that
when necessary, the rubber U-tgbe was replaced by one of
size corresponding to the size of the graduated tube.

The film flowmeter was ideally suited to most experi-

ments. The lower limit of accuracy of measurement was of
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the order of O.l,ﬁg 0.2 c.c/minute. (See Arrheniﬁs plot

for titanium nitride). This was due to the large dead space
between the absorption vessel and the flowmeter, which was
prone to slight volume changes with change of atmospheric
pressure and local tempgrature.’ This was shown by a slight
movement of the bubblé-in the O.lc.c. capacity flowmeter
(inner diameter circa lmm.) When there was no flow of gas.
The bubble did not always move outwards but in some instances
backwards; the movement was always more pronounced in the
éarly evening when temperatures dropped rapidly. It was
noticed that when ammonia was flowing through the system

at a rate of circa 100c.c./minute with no catalyst placed

in the reaction vessel, the flowmeter indicated a flowrate

of not more thén 0.007 c.c./minute’which was confirmed by

use of a more accurate flowmeter to be described. This
reflects the efficiency of ammonia absofption and also the
purity of the ammonia used, since unabsorbed gas constitutes
only 0.01% of the total, this representing a maximum estimate.
For reasoné described in the section desling with the pre-
paration of the nitrides,cobalt and niékel nitrides were

used in such small quantities, when determining the activa-
tion energies, that decomposition yielded a flow rate of ;ess
than 0.1 c.c/minute for decomposition products; the flow-
meter system had thus to be repl=zced by a more sensitive

arrangement. A graduated inverted narrow burette standing
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in an acid bath was used and arranged as shown in diagram ii
The ammonia entered in small bubbles from a tube drawn outkm
in a jet. Decomposition products collected in the burette,
and the time taken to occupy a fixed volume indiczted the
rate of decomposition. A sparger was nothﬁracticél, since
in this case very tiny bubbles tended to adhere to the side
of the burette. The acid was contained iﬁ 2 large beaker,
and before each reading: the locally neutralised acid, con-
tained in the burette, was replenished from the acid bath

by 2alternately emptying and filling the column several times.
An indicator showed that the acid in the burette; w2s not
neutralised during 2 single measurement but soon became so
if not replenished. The long tube allowed efficient ammonia
absqrption. In this way the dead epace above the aﬁsorpQ
tion liquid was eliminated, and measurements at low gas
flowrates were found to be exactly reproducible. This
method was limited in it's application to low flowrates of
decomposition products, and for normal use the bubble flow-
meter method, gpart from being the neater and more rapid
methed, was preferred for greater accuracy. The reason is

~ that at high flowrates, large bubbles form in the burette,
‘which rise slowly with a consequent time lag in measurement.
Plot_iii'for manganese nitridé (figure4) resulted from data
obtained by this method, and it is evident fhat at higher
flowrates this plot is not as consistent as thosz obtained

by the film flowmeter.
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Another modification of the original vetically placed
film flowmeter,'mayAbe mentioned, although it was uszd once
only in this investigetion. To e¢liminate the Sucking effect
of the lowered mercury cup, whicﬁ tends to break a newly
formed film, the lower end of‘the flowmetér was sealed off
in glassg eliminating the mercury Jjoint. The film was fbrmed
by raising a small cup placed inside the tube and cbntaining
the "Teepol!" solution, with the 2aid of small bar magnets.
Cne magnet was attached to the cup, which travelled aldng
glass guides inside the tube, and a second external magnet
served to 1lift and drop the cup.

The electrical system consisted of separates circuits

for each furnace and for the vacuum pumps. The éupply was
220V A.C. mains current distributed from a busbar system.
The current input into the reaction vessel element was re-
gulated by means of a "variac" autb-transformer. Pilot
lights were placed in each circuit.

2.2 EXPERIMEWTAL PROCEDURE.

The experimental procedure varied in det2il for each
individual catalyst used, depending on factors such as stabil-
ity of the catalyst, mode of activation adopted, and the ex-
tent of ammonia decomposition caused by the catalyst. The
flow method could be used in all cases, but the static method
only when the most stable catalysts were used, and when these
catalysts caused appreciable decomposition. The accumu-

lation of hydrogen in the static reaction vessel resulted
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in a breakdown of the unstable catalysts. Furthermore,

the dynamic system, apart from ensuring a low hydfogen par-

tiél pressure, was the more accurate method. A general out-
line of the experimental procedure will follow, and special

procedures will be described where relevant,

2.2.1. Static lMethod.

" The reaction vessel, containing the activated catalyst
in péllet form,was evacuated strongly at the maximum working
temperature, i.e. at about 500 °c. Pure, preheated ammonia
was leﬁ in to a pressure of 200 mm. mercury, and a stopclock
was immediately started. The crossWire of the travelling
microscope was trained on the mercury meniscus, and the
. pressure difference was measured at one minute intervals
for a period of 20 to 30 minutes. Since temperature
equilibrium after letting in the gas was only regained after
about 5 minutes, the plot of pressure change versus time
at the temperature of experiment Was only correct for values
determined after 5 minutes. TInitial gas pressure could not
be measured accuraiely, but the time base Was sufficiently
accurate to allow extrapolation of the curve to zero time
and hence to initial pressure. It was necessary to do this
because the rate of decomposition decreases with time, due
to an inhibitihg effect of the continuodsly produced hydrogen.

This procedure was repeated at various randomly,
selected temperatures, so asrto obtain data for a family of

pressure change vs time curves, and hence for an Arrhenius
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plot of slop at zero time vs ~/T “A,

2.2.2. Flow Method.

The pelleted, activated catalyst was contained in the
appropriate catalyst cage, packed around the thermometer .
sheath, the depth of packing depending on the stability of
the'catalyst. The stable nitrides were packed in as deep
a bed as the quantity available allowed. There was no danger
of reduction of the nitride by hydrogen formed during reac-
tion. The unstable catalysts were placed in as shallcw a
bed as was compatible with accuracy of measurement, and a
high space velocity was maintained so that the partial prés-
sure of hydrogen remained negligible.

The regction chamber was initially evacuated to 2 very
low pressure at room temperature. In order to avoid the
denitriding of unstable catalysts in a vacuum, this step
was omitted when using the nitrides of manganese, iron,
cobalt and nickel. The reaction vessel was then flush:d of
- all other gases by passing ammonia through it for several
hours until the flowrate of exit permanent gas was less than
0.0lc.c./minute. The preheater was then switched on, and
the reaction vessél heated and kept at the maximum working i
temperature for an hour or more before the rate of decomposi-

tion was measured. It was kept at constant temperature

until the extent of decomposition remained constant.
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A graduated tube of convenient size was placed in the flow-
meter, and the rate of flow of unabsorbed decomposition
products was measured at various randemly chosen temperatures,
replacing the flowmeter tube with 2 smaller or larger one
when necessary. A 20-minute interval was 2allowed between
readings, excluding the time taken for actual reading. 1In
the case of the nitrides of cobalt and nickel, 4% minute
intervals were alloWed, so that the composition of the nit-
rides could reach equilibrium. The figures tabulated, i.e.
“those obtained at 20 or 45 minute intervals, were each the
result of several consecutive measurements which without
exception were alﬁost exactly reproducible. Measurements
taken dufing the equilibrium - reaching periods are not
recorded, but a constant check showed that normally .
equilibrium was rapidly attained, and the rate of decomposi-
tion was virtually constant during the last 10 minutes of
each period. The exception was nickel nitride, probably
due to a slight change in structure when temperature was
varied, but readings became constant before the termina-
tion of'the 45 minute period.

The nitrides of cobalt and nickel, when stored over-
‘night, were kept at room temperéture in an atmosphere of

nitrogen to prevent possible undue contact with hydrogen.
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3., NITRIDE _PREPARATION.

3.1. Introduction.

The nitrides of the following elements, arranged in

order of their atomic number, were used as catalysts:
Ti, v, Cry Mn, Fe, Co, Ni,

.The ease of preparation and the stability of the products

vary considerably, but in a systematic way. This is illu-
strated in'ﬁable I. In order to prepare the nitridés of
titanium and vanadium, special high temperature furnaces

were required, but once the nitrides were obtained pure,

they were easy to handle and quite stable. On the other hand,
to prepare the nitrides of cobalt and nickel, a lower tempar -
ature is required, but the range has to be strictly controlléd,
.otherwise the composition of the metal-metal nitride system

changes.,

3.2 Experimental.

In broad outline the experimental'procedure was as
followss: The metal'or met2l compound reactant material was
heated in a tube-furnace, and a rapid stream of carefully |
purified reactant gas, usualiy ammonia, was passed over it.

The required temperature was maintained for a sufficient length
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NITRIDES _: STABILITY.
FOPMULA TEMPERA= TEMPERA- PURITY OF
CF NITRIDE TURE RE- TURRE PRODIICT STARBTLTTY
CORRESFCN~ GQUTRED or OBTAINED
DING TO FOK TOR- DECOMPOZ- (RASED ON
METAL NITROGEN MATION ITION GIVEM DURING
CONTENT A3 TN AM- FORMULA)
ANALYSED T HMONIA P
. USE
°c - °C BNITRIDE
L , e L
. 28 -y
Ti TiM 1450 XP,:2950 99 Stable
_ 29 30, .
\'{ Vi 1100- 2000 99 3table
31! o
Dacomposes
. at 2pprox-
. ] 31,35\ magely
Vn. (Mng) 2) 700-800 500°C if 95 Stable
ammonia
not in
excess.
Decomposes 'Pricti-
\ 38, at working caly
Fe, (PeQN) 450 temperae 99 Stable,
ture un- '
== less hy=-
aro:en Stable
40, partial only
Co (Cool) 475 pressure 95 under
- — ZI- very low, =—————— strictly
Ni (Niah) 445 : 97 control-
| led con-
ditions

(t) These formulae =2re not intended to indicate the composi=

tion of a "pure" nitride, but the composition to which the

analysed value approximates

(TT) "g

Nltrlde" indicates the variation from such composition,
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of time for maximum conversion to thé nitride to take place.
The exteht of nitridé formation was determined by analysis of
the product after cooling in a stream of the gas. It was
alternately heated and analysed until three consecutive
analyses showed no increase in the nitrogen content.

For consistency in method of,preparation, ammonia was
the reactant gas in all cases, but pure hydrogen was used to
reduce technical iron oxide and cobalt oxide to metallic
catalysts. ©Nickel and cobalt nitrides Were stored in an
atmosphere of nitrogen. The gas flowrate could be.cbntrolled
and measured. GAas pressure was kept'slightly above atﬁos-
pheric pressure, so that there could be no diffusion of air
into the furnace tube. This was particularly necessary when
an alundum tube was used, since this material tends to become
slightly porous after a.period of use.

Two or more samples of ﬁitride were prepared independently

in each case,

Furnace design.

Three types of furnace were used,'according to the temp-

erature that was required. (See diagram X )

: o
Type I. For maintained temperatures of either circa 1250 C
or circa lSOOOC, type Ia furnace was used. Two large gas
torches were capable of hsating a twelve inch length of

alundum tubing,'of which four inches could be maintained at
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white heat (circa 1500°C) ﬁhen gas-oxygen was used$ and 2
steady temperature of about 1250°C when a gas-air mixture
was used. The nozzles of the air-cooled torches were outside
a2 hole in the thick refractory heat insulating shell. The
temperature was measured with an optical pyrometef, cali-
brated zgainst an amyl acetate flame, 2nd was checked by
means of a Pt-Rh thermocouple calibrated to 1400°C. The
maximum temperature exceeded 1500°¢,

1B.

IB Furnace was of similar type to IA? but due to a smaller,
more compact design was a more economical furnace, since it
used far less oxygen to produce 2n equivalent temperature,
The short heating length made it unsuitable for the pre;
paration of titanium nitride, probably due to the fact that
it could not preheat the entering gas sufficiently, with
conseguent cooling of the reactant in the tube. With oxygen-
gas torchés this furnace could heat a 2 inch length of tube
to approximately 1500°C, while the adjacent tubing remained
relatively cool. A temperature of 8z0°C was maintained when
a row of "Bunsen"-type burners were used.

Type II furnace was used for temperatures up to 9QO°C.
Rlectrically heated, it consisfed of a nichrome resistance
wire element wound round a silica core and insulated with
several layers of asbestos string. A reaction tube of either

silica (700°C - 900°C) or of combustion tubing (< 700°C)
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cauld be placed inside the silica core, independent of the
core itself. The temperature was measured by means of a
Pt-Rh thermocouple placed next to the reaction tube.

The above-mentioned furnaces 211 héd the disadvantage
that with the thermocouple outside the reaction tube, there
was some error in the temperature reading, since the gas

flowing through the tube cooled the reactant to 2 certain

eXtent. For our purpose, however, this was not important.

Type III furnaée was for use below 500°C. Accurately
controlled temper2ature éondipions reguired for preparation
of the unstable nitrides necessitated the use of a furnace
incorporating a thermocouple which reached into the reaction
tube and next to the reactant. The reactibn vessel which
was used for determining catalytic activity itself was suit-
able and was at times used for this purpose. For convenience,
a second furnace, IITA, was made for independent use.
Heating was done electrically, in the normal manner. The
reactant was not placed in a boat, but was spread just inside
one end of the long gas exit tube projecting into the heating
area, 2s shown. In this manner & large reactant surface was
exposed directly to the gas stream. If gas 1is not allowed
to diffuse rapidly through the bulk c2talyst, hydrogen partial
pressure may cause nitride peducfion in a deep bed, ﬁﬂ
Conaistantan. — iron thermocouple was placed in'a glass shéath,

which extended into thevreaction tube. It was calibrated
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" against a‘SOOOC mercury thermometer.

In order to adapt this furnace for use in preparing
cobalt nitride the design was modified as shown: IiIB. The
reactant metal was plaéed in 2 4m.m. inner diametér tube to
form a bed about lm.m. deep. The tube fitted into the
furnace as shown, by means of a ground-glass joint, so that
it could be removed and fitted into the reaction vessel for
an activation energy determination. The reason for using
such small quaﬁtitiesof catalyst in this manner will be
explained in a later section.

Using these furnaces it was possible to produce any temp-‘

erature up to 1500°¢C,

Preparation of Individual Nitrides.

3.3 Titanium nitride.

28 showed that titanium nitride forms when Ti0, is

O.Ruff
heated in ammonia at 1400°C to 1500°C. This method was followed
using pure white powdered titanium dioxide. It was heated

'in ammonia at 1500°C in type IA furnace. Type IB furnace

yielded an incompletely formed nitride for reasons alfeady
stated, but it was used for initial treatment of the reactant
before the final product was completely formed by using'

furnace IA, A molybdenum boat was used. After heating for

one hour it was cooled and crushed in an agate bowl. At

this stage a dark blue lower oxide of titanium had formed,
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which crumbled readily when crushed. When it was not crushed
at this stage, the final product was a coarse powder, difficult
to pulverise to fine consistency, consisting of blue oxide
grains covered with a layer of the golden-yellow nitride.

After this, it was heated for a total of approximately twenty
hours at ISOOOC, cooling and crushing the substance every

four hours. After eight hqdrs very little blue oxide could

be seen, but inspection by microscope showed that each grain
consisted partly of blue oxide and partly of yellow nitride.

- This excluded the possihbillity of separating ppe nitride from
the oxide by physical means. .All attempts to do so failed.
Heating was therefore continued until microscopic examination

- showed no trace of the blue oxide. The product was then
analysed chemically, followed alternately by further heating
until consecutive analyses showed no increase in nitrogen
content. The final analysis showed a product in agreement

with the theoretical stoichiometric composition of 'I'iNl
within experimental accuracy limits. Estimation of nitrogen
content showed circa‘98%to 99% TiN. The main impurity was
probably oxygen existing interstitially as atoms or ions

in the lattice, either below the surface or attached to metal
atoms associated with the highest free energy. It may be
expected, however that the prolonged treatment in ammonia
removed the normally tenacious oxygen atoms to such an extent

that oxygen poisoning of the catalyst did not take place.



31

The nitrogen content of the nitride was determined by
Duma’s’ method i.e.'by measuring in a nitrometer the volume
of nitrogen quantitatively liberated by a heated mixture of
the nitride and copper oxide. An error of approximately
0.5% to 1% could be expected, since the experiment was done
on semi-micro scale, and since the nitride is exceptionally
stable to chemical action, resulting in incomplete decomposi=-
tion, That the nitride was not completely decomposed was
evident from the fact that a very slow evolution of micro-
bubbles of nitrogen still occurred when the determination
was terminated. A semi-micro method was used to obviate
wastage of rather scarce nitride. The results of the an-

alyses are tabulated below:

TABLE II. AVAIYSIS OF TITANIUM WNITRIDE BY DUMA S METHOD.

(Samples of the order of 0.02 gram)

TiN¢ requires 22,77% nitrogen.

Sample % Nitrogen % Purity TiN
1 22,6, 22.4 ‘  98.7

2 22,3, 22,4, 22.3 98.0
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2.4, Vanadium nitride.

According to Epelbaum and Brager,zgammonium vanadate'
is quantitatively converted to vanadium nitride when heated
in a stream of ammonia at 1100°C. These authors stated that
the process is an auto-oxidation and-reduction of the vanadate,
and by X-ray investigation found that the VN crystal lattice
forms simultaneously with the reduction of the vanadate to VO.
A distortion of the original lattice tzakes place to form the
normal lattice of VN, Structural defects of the resultant
lattice may therefore be expected. Friedrich and Sittig's 30
alternative method was not considered suitable, although an
unused sample'of VN was prepared as sugzostadby reduction of
the pentoxide by admixture with carbon and the action of
hydrogen at 1250°C. The resulting trioxide was nitrided with
2 mixture of nitrogen and hydrogen. The danger of carbide
formation (1200°C) and the indirect method involved in the
l2tter preparation made the former method more suited for our
purpose. Furthermore, the use of ammonia instead of nitrogen
as reacting gas corresponds more to the treatment of the other
metals,

The procedure was 2as follows: Pure ammonium vanadate was
heated in a stream of pure ammonia at about 1250°C in type IA
furnace, using gas-air heating torchas. This temperature,
measured on an optical pyrometer and by a‘thermocouple outside

the reaction tube, was probably slightly higher than the true



temperature of the reactant within the tube. A molybdenum
boat wags used in preference to a carbon boat, which causes
carbide formation at 12OOOC, 3O.'Analyses were done after 4 or
8 hours of heating until the product absorbed no more nitrogen.
As in the case of iitanium nitride, the conyersion to vanadium
nitride could be observed visually by the -colour change from
white vanadate to deep blue lOwer oxide and finally to the
brown-violet nitride. Friedrich and Sittig describe the
appearance of the pure nitride as being dark brown powder

with a violet tinge, and our nitride has the same appearance.
Final analysis showed the.product to be approximately 99% VN.

The results of the analyses are shown balow.

TAplE TTT, ANAIYSES OF VANADIUM NITRIDE EY DUMAS' METHOD

(Samples of the order of 0.02 gram)

VN1 requires 21.57% nitrogen

Sample % Nitrogen Mean % Purity VN
1 , 21,18, 21.25 98,4
2 4 21.61, 21.16 - 99.2
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Duma+s method of analysis was used. All remarks regarding the
analysis of titanium nitride hold as well for the analysis of
vanadium nitride. The main impurity was probably oxygen,

since an oxide is 2an intermediate product.
3.5 Chromium nitride.

Henderson and Galletly 31prepared a nitride of chromium
of composition corresponding to CraNs by heating the metal in
ammonié at 850°C, R.Blix 32showed that the hexagonal close-
packed phas%@(CrZN) of 11% to 16% nitrogen content formed
when electrolytic chromium was treated4with ammonia 2t 800°C,
It is mentioned by Hickel 33 that the nitride is formed most
readily when the metal obtained from the amalgam is used,
since in this case the metal lattice is incomplete. The
normal ordered metal lattice of chriomium does'noﬁ absorb
nitrogen readily.

Chromium nitride was prepared, 2as were the remainder of
the nitrides in the series, by the action of ammonia on the
metal. The metal'used was "Matthey!" electrolytic chromium
flake of high degree of purity. It was spectrographically
standardised by the suppliers, who reported only very faintly
visible lines for impurities, and no visible lines for other
transition metals.,

The flake was crushed very fine in an agate bowl and
heated in ammonia at 85000 in furnace IB until there was no

increase in weight. Absorption of nitrogen was slow, and
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only after about 35 hours heating did analysis show virtually
complete conversion to a nitride of composition corresponding
to Cralo. No further absorptién of nitrogen occurred., The
sugzestion that the chromium metal lattice should be incom-
pleteiy formed for rapid nitride formation probably accounts
for the prolonged treatment required for the preparation.

A fine state of division of the initial powder was found to
be an(important‘pferequisite for enhanced efficiency in pre-
paration. The substance was also pulverised every 10 hours,
since the particles iénded to adhere together as a hard mass.
The final product was analysed for chromium content, and the

results are shown below:

TABLE IV. ATAIYSIS OF CHROMIUM NITRIDZ BEY SODIUNM PEROXIDE

FUSION AND ToDoMETRIC TITRATION.

(Samples of the order of 0.1 gram)

CraMo requires 84,77% Cr,

Sample % Chromium Mean % CrglN,
1 85.23, 83,99, 85,02 97.7
2 84.86, 85.15 . 98.5

The nitride was found to be extremely resistant to
chemical reagents, and would not dissolve in any of the

acids. Hydrochloric-sulphuric-, phosphoric-, and nitric
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acid or aqua regia, hot or cold, concentrated or dilute,
had very small, or no effect on it. Kjeldahl digestion was
attempﬁed without'success. Dumas' method produced extremely
slow evolution of nitrogen.‘ Finally, a successful estimation
of chromium was done by fusion with éodium peroxide followed
by iodometric titration, which gave practically reproducible
results. The procedure described by Scott 34,was followed.
It méy be mentioned that it was found that the nitride is only
completely converted to the green oxide:when heated in air
at a white heat, and in order to use¢ this method for analysis
a special refractory container is required. |
It is unlikely that the nitride used was at éll contam-
inated, 2and since it is an interstitial phase in which some
interstitial positions may be vacant, the recorded "% CraN,"
(Table IV) does not imply that the composition CraNo is the
pure form of nitride, but only the composition to which the
nitride approximates.
3.6 Manganese nitride. |
Nishiyama and Iwanaga 35 prepared manganese nitride by
the action of ammonia on electrolytic manganese at 600°C.
Henderson and Galletly 3L showed that manganese forms a
nitride, approximately MnBNZ’ when heated in ammonia at 8OOOC.
"Matthey!" electrolytic manganese, spectrographically

pure (impurities circa 0.005%) was crushed to a fine powder,

which, in contrast to chromium could be achieved with very
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little difficulty. It was heated in a rapid stream of ammonia,
-for although this nitride may be considered stable for our
purpose, a high space velocity in preparation and use was

a precaution.‘ After heating for 10 hours in type II furnace

at 750°C, the mass remained constant, and analysis showed

circa 13.8% nitrogen content. (i.e. approximately 95% of
MngN,) fhere was a very slight increase in weight during a
further period of 10 hours at 7OOOC. Final analysis showed

no improvement on 13,8% nitrogen content, even 3t lower temp-
eratures and higher space velocities., This result was obtained
for two separate samples.

The final product, of dull grey appearance, dissolved in
warm, dilute sulphuric acid, and the nitrogen was quantitatively
converted to ammonia, which was determined by distillation
from an alkaline solution, zabsorption in dilute acid and

titration. The results are tabulataed below:

TABLE V. ANALYSIS OF MANGANESE NITRIDE FOR NTITROGEN CONTENT,

(Samples of the order of 0.2 to 0.5 gram)

‘MngN, requires 14.60% nitrogen.

Sample % Nitrogen Mean % Mn N
v 32
1 13.80, 13.90, 13.80 94,8
2 13.87. 95.0

13.82, 13.88 94.9
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3.7 Iron nitride.

Iron nitride may be prepared by the action of ammonia

=
3“'.‘The NHq: H, ratio, according to

on the metal at 450°C
Lehrer 37and others, determines the nitrogen content of the
nitride, and hence the phase type. Jack 88stated that thel
phase (FeoN) richest in nitrogen content forms more readily
just below 450°C, while the € (FegN) phase forms above 475°C.

"Matthey" iron sponge; prepared by reduction by hydrogene
spectrographically pure ( »>99.995% Fe) was heated in a rapid
stream of pure ammonia at 475°C. After more than 15 hours
consecutive analyses and weighing ehowed no increase in nit-
rogen content in a product containing about 11% nitrogen.
It has been shown by Jack and others {(3ece section 4,6) that
this nitrogen content determines:mle(FegN) phase and the
S (FeoN) phase exténds from 11.1%N to 11.3%N. FeoN. corres-
ponds to 11.14% nitrogen.

The temperature range of decomposition of the nitride
in the absence of pure ammonia coincides approximately with
“the temperature range of its formation 9. The structure,
during preperation and use therefore'probably changed contin-
uously in a dynamic equilibrium. The analytical method used
for iron nitride was similar to that used for manganese nitride,

and the results are shown belows
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TAELE VI AVATLYSIS OF TRON: - NTTRIDE.

(Samples of the order of 0.3°to 1.2 gram)

Fe,N requires 11.14% nitrogen.

Sample 4 - % Nitrogen Mean % Fe N
2 , 11.11, 11,03, 11.00 ' 99.2

—— A Ea—— . i S

Beilby 2nd Henderson 40, in 1901, obtained milligram
quantities of cobalt nitride when a rapid stream of ammonia
was passed over cobalt metal at, and slightly below 470°C.
Their product contained 10.33% nitrdgen. (CopN corresponds to
10.62% N) Recently Juza and Sachze “fand Clarke and Jack *2
prepared the nitride at  lower temperatures of 380°C and
350°C respectively. Juza and Sachzé used cobalt reduced from
the oxalate at 350°C in hydrogen, and prepared small quantities
of nitride. Clarke and.Jack readily obtained macro quantities
of up to 1 gram of nitride of nitrogen content 10.61330.01%
if they passed pure.ammonia over 380 mesh cobalt powder at
SEOOC. For our purpose it®was necessary to use such quantity
of catalyst that it would not decompose'at working temperatures

of over 400°C. Therefore very small quantities of nitride
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(C.02 grami were prepared and used at temperatures specifiad
by Beilby and Henderson. (»470°C).

It may Le mentioned that Juza and Sachze obtained the §
(CogN) phase by thermal decéﬁposition of Go N at 276°C, a
temperature considerably btzlow our working temperatures. They
could not obtain this nitride in pure form directly by the
treatment of the metal With ammonia. For this reason we may
assume that the catalyst uszd in our exXperiment was predominantly
the $(CooN) phase.

It was recogniscd by Beilby and Henderson that hydrogen
formed by ammonia decomposition during preparation causes a
reduction of the nitride. It was stzted that it was essential
to nitride formation that pure ammonia must be present in
exess. It was for this reason that in our experiment, several.
early attempts to prepare the nitride failed, for when using
. normal quantities of several gram of metal, even with a rapid
flow of ammonia, no detectable amount of nitride formed after
more than 10 hours of treatment. Pure cobalt oxide, first
reduced in hydrogen at circa 600°C and then treated with ammonia
at 47OOC yielded no nitride. When exposed to air, the sub-
stance warmed up, probably because the metal was in a pyro-
phoric state. Pure, hydrogen reduced "Matthey" cobalt was
also used, without success. |

Thae next.step was to use a smaller quantity of approximately

0.5 gram of cobalt and a rel2tively high space velocity of
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ammonia of about 5000 c.c/c;c/hour, but after ten hours only
about 3% nitrogen was absorbed. The measured decomposition

of ammonia over such a small quantity of catalyst was of the
order of 1 c.c/minute, and the use of less catalyst would have
caused insu<ficient decomposition for accurate measurement by
the normal method. It was clear that smaller quantitiés of
‘catalyst h2d to be used, and theréfore the absorpticn equipment
was modifiad in design so that smaller gas flowrates could

be measured. A’mofe sensitive arrangement described in section
2.1.2. was used. It was possible to measure with unexpectéd
accuracy the decomposition camsed by as little as 0,01 gram

of catalyst.

The final procedure wés as follows: In two experiments
respectiﬁely 0.03 gram and 0.0l gram of hydrogen reduced
"Matthey" cobalt sponge, spectrographically pure (>99.99% Co)
were used. A sample was placed in a 4m.m. inner diameter
tube (see section 3.2.) to form a bed less than 1 m.m. deep,
supported on a tightly packed plug of glass wool. The small
diameter of the tube, through which the ammonia was passed,
made possible the very high spice velocities of ammonia of
approximately 70,000 to 120,000 c.c./c.c./hour. It was placed.
in the modified furnace, type IIIB, described in section 2.2.
and heated first at 47OOC. The temperature waé gradually
reduced to 4600C during 20 hours, keeping the space velocity
approximately 100,000c.c/c.c/hour. After cooling, the catalyst

container was placed in the reaction vessel without removing
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the catalyst, Further similar treatment was continued for

5 hours at 465°C. Thé catalytic activity was then determined,
the temperature being maintained in the region of 46000.. The
product was analysed afterwards, 2nd contained 10.1% nitrogen.
The duplicate experiment gave a product assaying 10.2% nitrogen.
During the latter experiment the catalyst was stored in an.
atmosphere of nitrogen when not in use. A similar analytical
procedure £o that used for'iron nitride was followed. With
care the results were reproducible, although the‘éﬁall quantity
of nitride a%ailable were analysed in batches of 0.01 to 0.03

gram, The results are shown below:

ABLE VIT. AVALYSIS OF COBALT NITRIDE.

(Samples of the order of 0.01 to 0.03 gram.)

CooN requires 10.62% nitrogen.

Sample % nitrogen Mean % CooN
1 ‘ 10.1, 10.0 94,7

2 10.2 96.1

3.9 Nickel nitride.

Nickel nitride is less stable than cobalt nitride, tut a
similar preparative method was used, and the entire prepara-
tion was‘done inside the reaetion vessel. ‘According to Juza
and Sachze, 3 10 to 20 milligram of nickel absorbs 7.87%

0
nitrogen when treated at 245°C*T 2°C in a stream of ammonia



43

flowing at 22 cm./second. (Theoretically Nifl requires 7.37%
“nitrogen) Beilby and Henderson 4Oprepar'ed nickel nitride vir- -
tually in agreement with NigN, H;gg.44 found no effect of ah-
monia on nickel at 300O to 1OOOOC, but Grandadam 45found that
nickel absorbed 9% nitrogen. The procedure of Juza and Sachzé
was decided upon as being the most suitable for our prepara-
tion, and the experimental conditions were followed closely
where possible. A product containinz 7.2% nitrogen resulted.
Tt must be emphasized that the product was analysed only after
the energy of activation had been determined, and that during

0
the experiment the temperature was varied from about 440 to

45000. According to Juza and Sachze the temperature range in
which the nitride is stable is very narrow, and deviation

from the specified £emperature yields a product of low nitrdgen
content.

The metal used was hydrogen reduced "Matthey" nickel
sponge (>99.99% pure). The final products in two experiments
vreSpectively contained 7.21 and 7.12% nitrogen. The analy-
tical prdcedure was similar to that used for cobalt nitride,

and the results are tabulated below:

TABLE VIIT ANATYSIS OF NICKEL NITRIDE.

(Samples of the order of 0.0l to 0.03 gram)

NisN requires 7.37% nitrogen.

Sample % nitrogen Mean % NigN
1 : 7.21 97.8
2 ' 7.21 : 96.6
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4. RESULTS.

4.7T. Graphs and mathematical relations.

The apparent energies of activation for the ammonia
decomposition have been determined for several catalysts,

using a plot based on the integrated Arrhenius equation.
k:Ae .oosoooeocoao-no'o(l)

rate constant.

]

where k

frequency factor,

n

energy of activation.

gas constant : 1.987 cal,deg'} mole'}

H X & e
1

[}

absolute temperature.

A plot of log (rate of reaction) wyg.reciprocal of absolute
temperature was made in each case. Hence, from equation,(li
assuming the frequency factor to remain constant with changing

temperature, E was determined by the relation:

2,303 X Slope of plot=-F/g

i,e, E =-SlopeX2.303X1,987 calories/mole,

The ehefgy, E, was determined at constant gas pressure, and
no correction was made for the change in gas composition in
the catalyst bed. A linear log (rate) V® reciprocal tempera-

ture plot was shcwn in each case, except for the smaller value
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of energy of activation determnied for chromium nitride, which
showed an erratic plot which was not entirely due to sxperimen-
tal error. An approximately linear relationship was, however;
shown.

The experimental "rate of reaction" was a value proportions
al to the rate constant, k. For the static method it was the |
rate of pressure increase at zero time of a constant.volume of

pure ammonia, based on the equation:

2NH3T::_N2+3H2

A series of plots of pressure change vs’time (t) at constant
temperature were made. In order to determine the rate of pres-
sure increase atizero time, it was necessary to extrapolate
each plot to zero time for reasons described in section 2.2.1.
For the flow method it was the flowrate of residual decomposition
products after removal of undecomposed ammonia. The ammonia
flowrate‘before contact with the catalyst was constant, and it
is assumed that the ratio of decomposition products nitrogen
and hydrogen was at all times 1l:3.

Tatulated data are given in the appendix (sectiohB), the
resultant plots being shown where pertinent to the discussion.
Figures are only given for the nitride catalysts, but Arrhenius
~ plots are shown for all catélysts used. ‘

Table 9 shows, in summary energies of activation for the
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various nitride catalysts.
4,2, Titanium nitride.

The catalytic activity of titanium nitride was studied
at temperatures ranging from 4600C to 506°C. Two samples
were used, of mass 5 gram and 4 gram respectively, using a
space velocity of 2000 c.c/c.c/hour in each case. The flowrate
of the decomposition products produced in this Way was very
low, (0.02 c.c/minute to 0.32 c.c/minute), so that the Arrhenius
plot (figurel) showed a series of somewhat erratic valugs.
There was a change in activity at about 480°C, below which
temperature the derived energy of activation of almost 100
Keal/mole could only be interpreted qualitatively as showing
no catalytic activity. At 48000 titanium nitride becomes
catalytically active, and shows a2 relatively low energy of
activation of about 30 Kcal/mole.

Analysis shqwed a stoichicmetric proportion of nitrogen
corresponding to the formula TiMj. According to J.D.'Fast4
anﬁ P. Ehrlich 47the lattice of titanium metal absorbs, with
expansion, a stoichiometric quantity of nitrogen atoms into
it's interstices, to form a face centred cubic lattice similar

4
?Friedrich and Sittig ?

in structure to that of the metalf
found that the metal lattice was reinforced and hardened,

and according to K.Becker 5?,mefallic properties e.g.
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TABLE_9.

NITRIDE CATALYSTS: ENERGIES OF ACTIVATION,

CAT- '"WETHOD'SPACE, 'TEMP, ! ! 'ACT IVATION ENERGY'

2000 : ITIB - 30.9

ALYST VELO~ R“JgGE FIG., PLOT Keal/mole
CITY. C :
SAMPLES
1 2 3 MEAN
TiN  Flow, 2000 480.506 1 IA  29.8
2000 ) 5 TIA 31.6 30,7
2000 on IB 91 =
5000 460,480 ITm 98 95
2500 | - IIIA 34,4
2000 IVA 33.8
2000 _ IIB 20 ' .
2000 #20 ~ IVBR 20.8 20.4
Cr N, Flow, 2Q00 490515 3 IA  57.0
32 5000  TIC-510 ITA 58.5 57.8
2000 S IB  31.1
2000 460-490 IIB . 31,2 31.2
MnoN, Flow. 10,000 v 4 IA 52,5 ,
2000  460+500 ITA 50.3 51,7
2000 ITIIA 52,3
10,000 5 © IB  30.2
2000  370-460 IIB 29.4 30,2
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MEAN

Fe )N = Flow, 2000 5 IA 48,5
2000 | ITA 48.3
12000 s o ITIA 46.1
35C00 440-480 6 IVA 48,2 47,5
2000 VA 46.9
2000 VIA 46.9
2000 5 I 32.6
2000 o ‘IIB  32.7
12000 375°- ITIB 31,
35000 440° 6 IVB . 32,2
2000 ' VB 31.4
2000 VIB 3C.4
2000 5 5 IC 20,
200C 340~ IIC 22.2
12000  -375~ IC  20.1 22,2
35C00 6 IVC 25,1 ‘
2000 VIC 23,1
Co,N Flow, 70,000 450=48¢ 7 1 27.4 27,1
120,000 11 - 26.7
Nigh  Flew, 100,000 437-451 8 1 35
120,000 IIA -39 37
IIB 36
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metallic electrical cdnductivity are retained.
Two nitride ﬁhases are reported to exist. J.D. Fast

and P. Ehrlich 4'7slrllowed that one was a hexagonal close packed
structﬁre poor in nitrogen (TiNb.23to TiNO.42)° Fast, Ehrlich,
and K. Becker and F. Ebert “Tshowed that the other was a
sodium<jﬂoride-type face centred cubic structure (TiNO.42to
TiNy oo). In the latter case structures deficient in nitrogen
' arevdue to unoccupied interstitial holes. A. Brager “Ppas
shown that a structure TiNl.lé can exist. Here some metal
'positions in the lattice are vacant, but a face centred cubic
structure, with a smaller lattice cdnstant, remains.‘ Brager's
52work suggests that all phases revert to TiN, when treated in
ammonia at 1400°C tb lSOOOC. The structure remains unchanged
even up to 2950°C, which is its melting point. Tt may there-

fore be assumed that the nitride employed was a cubic face

1 &3 52

centred structure., According to A.E.van Arke s Brager )

Ehrlich 47and Dawihl and Rix °

4the_lattice constant
a = 4.,23(5) R.

While metallic titanium shows very poor catalytic activity,
the nitride appears to be active under favourable conditions,
cne of which appears to be that the temperature must be in
excess of 480°¢.

The figures correSponding to the graphical representation

are shown in the appendix, Tables JA and IB.
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4,3, Vanadium Nitride.

Several runs wereqdone by flow method, and a single run
by static method, the results by the former method being de-
séribed first. |

The first two runs were made on a 5.5 gram sample of
vanadium nitride (Vﬁr) using a space velocity of 2,000 c.c/
c.c/hour. The results are tabulated in the appendix, tqblés
2A and 2B, and are shown graphically in figure 2, curves I, '
IIA and IIB. The temperatures ranged from 400°C to 4706C.

At the lower temperatures, a change of activity was shown,
somewhat inaccurately. Above 420°C the energies of activation
are 35.8 Kcal/mole (I) and 35,0 Kcal/mole (IIA), while below
this temperature it is approximately 20 Kcal/mole. Two runs
were then carried out on another sample of 3 gram, using space
velocities of 2000 and 2500 c¢.c/c.c/hour. The energy of acti-
vation coincided with that found for sample 1., (Table 2C
figure 2, curve III) i.e. 344 Kcal/mole. A change in activity
was again observed at 42OOC, but the results were nct recorded,
sincevthey were inaccurate. ”In_order to determine more exactly
the temperature at which the activity changed, and the activ-
ation energy shown at lower temperatures, the two samples were
combined. The space velocity was again 2,000 c.c/c.c/hour,

and the extent of decomposition was incre2sed, and the results

were consequently more accurate. (See: appendix, table zD
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and figure 2, plot IVA and IVB) The results coincided with
the other values, i.e. 33.8 Kecal/mcle (IVA) above 420°C and
20.8 Kcal/mdle below this temperature. The temperature range
of experiment was 380°% t0~47oOC.

The static exporiment gave a value for activation energy
of about 39 Kcal/mole. The rate graph is shown in figure 9
and the resultant Arrhenius plot in figure 10. The accuracy
of the result was not as high as that determined by flow method.
Since the flow method had been found to be superior, and since
the other stable catalysts caused insufficient decomposition of
ammonia for accurate measurement by the static method, this
method was not used for other nitride catalysts.

The close similarity between the structurc and physical
propertigs of TiN and VN would suggest similar catalytic be-
haviour, producing similar Arrheniuéxpurves with the change of
activity occurring at a2 high temperature, which might be out-
side the temperature fange used. Since TiN became active
close to the maximum experimental working temperature, the
results were limited by 2 narrow temperature range of study.

H,Hahn54, Becker and Ebert55, Dawihl 2and Rix68 and
Brager and Epelbaum56, showed that this nitride exists as a
stoichiometrically composed interstitial sodium chlqride type
cubic face centred structure, which may exist as a homogeneous
phase (¥) from VNg,71 t0 VNp oo, By 2 method of heat sintering

vanadium
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‘ Cy o 4 .
met4l with the nitride, VN, Hahn ° showed that there is another
nitride phase approximating to Vg N(B), homogeneous between
the limits VNO.37 to VNO.43, which has a hexagon=al close
packed lattice, with lattice constants: for VN a=2,832

0.37,

and ¢=4.33. and for VN .o 2=2,835 and j# c=4.541, The

nitride used in these experiments corresponded to the former

phase, VNl. According to Hahn the lattice parémeter a is
4,126%. Epelbaum and Brager o , in a precision determination
of the 1lattice constznt, gave 2 value of a=4128%. The method
of preparation of the nitride used was similar to that employed
by the latter authors. A comparison of the structures of TilN
and VN shows similar structural properties, in that each may
correspondingly exist as two ph2sess: one 2 sodium chloride type
lattice, and the other as hexagconal close-packed lattice.
Vanadium nitridé appears to be an active ammonia decom-
pesition catalyst, especially at temperatures below 4200C.
This is in marked contrast with metallic vanadium. Franken-
burger lin discussing the poor catalytic activity of metallic
vanadium for the ammoniz reaction, attributed it to the high
heat of fermaticn ¢f the nitride, which was assumed to be an
intermediate product during reaction. Diagram A is approxi-
mately reproduced from Frankenburgers paper,vwhich illustrates
this thermodynamic consideraticn. In contrast tc a low heat
of formation of iron nitride, vanadium nitride, with a high

heat of formation, presents a considerable energy barrier to
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the reacticn. Why the nitride is a2 relatively good catalyst
is not clear, but this will be considered in the general
discussion, together with the significance of the activity
change.

It may‘be mentioned here that the variation of the elect-
rical conductivity of each of titanium and vanadium nitrides,
with temperature, was determined in a range which included
the temperature at which a change in activity occurred. Con-
ditions were exactly similar to those observed during a deter-
minaticn of the activation energy. A ccmpressed pellet of a
nitride was clamped between twc platinum electrodes, connected
with platinam leads to a bridge circuit. Ammonia was passed
over the pellet, and the resistance was measured at progres-
sively increasing and decreasing temperatures, Thisbwas done
using two different samples of VN and one of TiN. There was
no change in the linear relationship of resistance vs. temp-
erature at temperatures at which the activity changed. It is
therefore evident that a'variation in activity in these cases
is not accompanied by a change in electrical properties, =znd
that the change is not due to semiconduction phenomena. The
method of preparation cf these nitrides, which involves an
oXide reagent (TiO2 and NH,VO3) probably results in impqrities
of oxygen atoms in the nitride lattice. Fufthermore one can
expect a certain proportion of vacant interstitial nositions

in the lattice, which could create extra permitted electronic
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DIAGRAM A, (See page 52)
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energy regions in the forbidden energy zones placed below the
conducting electron band, as in a p-type semi-cénductor. It
should be kept in mind that a completely ordered lattice cannot
be expected, and electronic and structural defects may play
some part in determining catalytic activity by creating "active

sites" on a heterogeneous surface.

4,4 Chromium nitride.

Two samples of chromium nitride were used, Analysis
showing about 15% nitrogen content suggests that the nitride
used approximated to Cr8N2‘ Two nitride phases have been shown

£7

to exist. R.Blix ""and G.Tammann suggested that one phase
for@ulated Crl, which exhibits properties which are entirely
unrelated to those of the metal, is not a normal interstitial
compound. It is more akin to a salt-like compound. There is
no "region of homogeneity", but it exists only as the stci-
chiometrically coﬁposed nitride Cer. Metallic properties
shown by other interstitial nitrides are absent in this compound,
and it's sodium chloride-type face centred cubic lattice is
unrelated to the lattice of metallic chromium. According to
Blix, the lattice parameter is 4.1408, The @'(CPQN) phase,
states Blix, is 2 nitride in which nitrogen is probably dis-
tributed in a non-uniform manner in a hexagonal close packed
lattice. Absorption of nitrogen is accompanied by an expansion

of the metal lattice; Blix states that the B phase lattice
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dimensions increase - with increasing nitrogen content from
a»2,74729 c=4.439£3t0 a;2.7708, c=4. 4748, Tt is possible that
the nitride used here consisted of both phases.

Manganese nitride (see s@2ction 4.5.) shows similar cat-
alytic behaviour to chromium nitride, and one may argue that,
by analogy the\P chromium nitride, phase, whiph.ig'é true in-
bgrstitial phase like manganese nitride, is that which
determines tha catalytic activity.

The two samples used were approximately § gram each, and
a space velocity of 2000 c.c./c.c./hour was used in each case,
The investigation was madé at temperatures ranging from
460°C to 310°C i.e. a range of 50°C. The chromium nitride
c2talyst caused little ammonia decompesition to occur.
Consequently there was some error in measurement at lower
temperatures. The erratic plot obtained in both casas was
not entirely duc to experiment2l error for the accuracy ob-
tained was not as high as that expected. The reason for this
behaviour is not known. The Arrhehius plot is shown in figure
and the corfesponding figures are tabulated in the 2ppendix,
tables 3A and 3B. Above the point of activity change (49OOC),
the energy of activation is reproducible: 57.0 Kcal/mole
(IA) and 58.5 Keal/mole (IIA). Relow this point therc is
a‘rough par2llelism between the plots, showing an energy of
activation of approximately 31 Kcal/mole (IB 2and IIB)

Bauer and Voerman18 suggested that chromium nitride should
be an efficient ammonia decomposition catalyst while a poor

synthesis catalyst. For the decom-
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position reaction, this nitride does not appear to be excep-
tionally good and it is ungquestionably a poor catalyst above

490°C.

4,5, Magganese nitride.
~ The manganesé nitride used was shown by analysis to contain

‘about 13;9% nitrogen. M§5N2 corresponds to 14,6% nitrogen.
Nishiyama and Iwanaga 59observed the following three nitride
phases:‘one face centred cubic structure containing about 21
atomic percent nitrogen cofresponds to MngN, with lattice
parameter é=4.4353 and two face centred tetragenal structures,
That which approximates to MnoN and which exists over a re-
latively large range of homogeneity has lattice constants
a:4,154ﬁ‘and c=4.0373; On the other hand, existing in a narrow
region of ﬁomogeneity is a nitride which corresponds almost to
the formula MngN,. This phase has lattice constants a=4.2llge &
This lattice expands with ihcreasing nitrogen conten{i;%hé?OB
according to Ochsenfeld60 is considerably stabilised by inter-
stitial atoms. The nitride used as catalyst probably consisted
of mixed crystals of the two face centred tetragonél struc-
tures, | ‘

The catalytic activity of three samples (6,'8 and 3 gram)
was investigated at temperatures ranging from 370°C to about
SOOOC. A spagce velocity of l0,000é.c/c.c/hour was main-

tained for sample 1. Samples 2 and 3 were.tested at a space

velocity
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of 2000 c.c/c.c/hour. The results are shown to be repro-
© ducible. (See appendix, tables 4A, 4B and 4C: and figure 4)

A change in activity occurred at approximately 460°C. The

»)

energies of activation shown above this temperature are 52,5
(IA), 50.3 (IIA) and 52.3 (III4) Kcal/mole respectively for
the three samples. Below this temperature the cnergies of
activation were 30.2 (IB), 29.4 (IIB) and 30.9 (IIIB) Kcal/
mole respectively.

It is important,to note that the change in activity indi-
- cated, is not a2 characteristic of the method of experiment.
The measurements are bas¢i on the assumption that the Ny:H,
ratio is at all times 1:3. A release or absorpticn of nitrogen
of the catalyst would change this'ratio, but it may safely be
assumed that this effect was eliminated. This will be clarified

by further consideraticn in the general discussion.

4,6, Iron nitride.

S5ix runs were performed using two samplés of iron nitride.
The samples used were probably mixed crystals of theE;(FesN)
and'unax(Fb2N) phase. Since more than one phase is of interest
to this investigation a brief resume of the possible structures
will be given. As was shown by Brunauer, Jefferson, Emmett
and Hendricks l, the partial pressure of hydrogen in an ammonis
hydrogen gas mixture determines the amount of nitrogen, iron

will absorb. According to  Lehrer 62, iron abscrbs =2bout
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0.5% nitrogen interstitially in a body centred cubic lattice.
Hg-gg 63, Osawa and Iwaizumis 64, .and Jack 65 have shown thaty’
iron nitride exists in a narrow region of homogend&ty ranging
from 5.7 toléilﬁN, This ié a face centred cubic nitride phase
which includes Fe,N. Hggg, and Osawa and Iwaizumis have showﬁ
that the €(Fe N) closepacked hexagonal phase exists between
limits of 7.3 to 11.1% nitrogen content. Jack has shown that
the?f(FegN)'phase forms in ammonia at temperatures just below
4500C, and exist from 11.1 to 11.3% nitrogen content. Hggg 06
stated that this phase has a base centred orthorhombic unit

L]
cell. Jack has described the structural unit cell more ex-

actly as made up of two base centred orthorhombic units.

The nitride used as catalyst contained about 11% nitrogen.
Fe ¥ corresponds to 11.14%.nitrogen. Tt was prepared at tem- .
peratures greater than 45OOC, and it méy therefore be assumed
that the structire was mainly € (Fe,N) nitride and partlyh?”
(FézN).nitride phase. Hendricks and Kosting 57 showed that
theephas_e forms a continuous series of mixed crystals with
the phase. _

Jack stated that in.XkFe4N) iron nitridé,the nitrogen
atoms occupy % of the interstitiél positions in a completely
ordered array. The lattice constant was g;ven as 2=3,787
KX, and the Fe=) distance as 1.894 KX. Further, Jack gave the
~constants for the¢ phase, at 11.0%N, as a=2.7£9, b=4,778 and

c=4.411 KX and for thejjphase, expanded anisotropically largely

-
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in the b-direction, at 11.2% as a=2.756, b=4,820 and c=4.416 KX
while @t 11.1%N, a=z2,758, b=4.818 and c=4.416 KX. The relative
positions of the nitrogen atoms in both the latter phases re-
mains the same. According to Osawa and Iwaizumis and Hgggvéé
the nitrogen atoms in the ¢ phase aré S0 placéd that six inter-
Stices s?rrounding each atom in the same plane, and the t@o
directly above and below it, are vacant. Jack maintained that
in thes'(FeéN) phase, & the number of interstitial positions

in each layer of atoms.are occupied, in such a manner that
there are vacant positions;directly above and below an occupied
position. The average iron-nitrogen distance, according to
Jack, is 1.943 KX. His description of the true orthorhombic
base cehtred unit resulte in lattice constants stated thuss
atpa=5.512, b=4,820, c=4.416 KX.

The.first sample was used for three runs (using 7,5 and 5
gram respectively) at space velocities of 2000, 20CO and lQpOO
c.c/c.c/hour, and at temperatures ranging from 330° to 4800C.
(Sees tables 5A, 5B, 8C, in the appendix, and figures,)

The Arrhenius plot showed linear, reproducible reiationship
with a change in activity occur®ting at two temperatures,
approximately 44O©C.and.3ZSQC, Increasing temperature showed
a stepwise increase in activation energy from about 21 Kcal/
mole changing at»37SQC"'to about 32 Kecal/mole changing at 440°C
to approximately 48 Kcal/mole. Tﬁree runs on the second sample

(2gram) showed that these results ware reproducible (Sce
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tables 6A, 6B, 6C, and figure 6) The space velocities were
35,00C, 2,000 and 2000 respectively for the three runs. Some-
what differing behaviour of plots is shown in figure 6, put
although -the curves are not quite parallel the energies of
activation are shown to be approximately equai at similar temp-
erature ragzs, The greatest deviation is exhibited by plots
IIIc (20.1 Kcal/mole) and IVe (25.1 Keal/mole) which show a
difference of about 50C0 calories, IVc, however, is an exception.
P1otVII is shown to indicate the effect of a highjpartial pressure
oflhydrogen. A deep bed of catalyst was used in this case, and
extensive decompositidn of ammonia no doubt éaused a brezkdown
of the nitride deeper down in the bed. This breakdown was due
to reduction of the nitride, and since hydrogen that should

have been measured in the exit gas mixture was-converted to
ammonia, the resultant plot was a curve of smaller slope (VII)
than the true plot for activation energy.

The striking feature of these plots, is that the change of
energy of Activation occurs at the temperature (4500C) bflow
which thegrﬁimide phase forms more readily, and above which
theE;(FegN) phase forms as mixed'érystals with the nitride.
~ The 6'(FG4N) phase forms partly at lower temperatures, and a
structural change mayonce more account for the change in activity.
Analysis of our nitride showed practically no change in nitrogen
content before and after use at temperatures ranging from
.34OOC to 47OOC, but catalysis; depending on surface properties

=y
vla
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as it does, make it quite probable that the surface structure
Qould have changed 2t the transition tempefatures, causing
varizble activity of a single catalyst. The significance of

this observation will be discussed in the general discussion.

4,7. Cobalt nitride.

Tables 7A and 7B (appendix) and figure 7 show the results
obtzained when using two samples (0.03 and 0.0l gram) of cobalt
nitride as catalyst. The reasons for using such small quant-
ities and the high space velocities of 70,000 and 120,000
c.c/c.c/hour réspectively are given in the section on the pre-
paration of the nitrides. The temperature range of investiga-
tion was from 450°C to 480°C. Since the nitride is unstable,
measurements were done 2t intervals of more than 45 mindtes,
in order to allow the nitride to reach it's equilibrium com-
pdsition at any temperature, and consequently the plots consist
of few points. The modified ammonia absorption system described
in section 2.1.2, page 19 was used. TInitial measurements were
not recorded until consecutive readings became constant. The
results cbtained ware repréducible; and the energy of activation
was found to be about 27 Keal/mole (I = 27.4, II = 26.7 Kcal/
mole) Figure 13 shows the activation energy plot for cobalt
metal. The enesrgy of activation for cobalt was found to be
about 20 Kcal/mole, reproducible for two samples. One sample
was pure hydrogen reduced "Matthey!" cobalt sponge, the other
being prepared inside the reaction vessel by thé action of

hydrogen on pure cobalt
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4,8, Nickel nitride.

Nickel nitride is less stable than cobalt hitride, and
consequently reduired accurate contrel of ¢xperimentz2l condit-
itions, For this reason the investigation could only be done
within a 14°C range.ofutemperature from 437.5°C to 4£1°C. The
space velocities were respectively 100,CCC and 120,0C0 e.c./
c.c/hour. Similar precautions_to these mentioned regarding
cobalt nitride, were observed, Two samples were used (0.02
and 0.01 gram) and the results were reproducible. (See appendixs
tables 8A and 8B and figure 8) The results, which were obtained
at very low flowrates of decomposition'produéts, showed an
accurate Arrhenius curve. This was made possible by the usé
of the special measuring equipment previously described, usad
in the case of cobalt nitride. Curves IIA and IIB are the
resultcf:lsingle run, but have been drawn separately, since
each curve was plotted from consecutively measured data showing -
linear reiationship, gach resulting during several hours of '
experimental observation. The sm2ll temperatﬁre range used
makes it impossible to state the magnitude of the energy of
activation exactly. Curve I represents an energy of activation
of about 35 Kcai/mole, curves IIA aﬁd IIB energiecs of ap-
proximately 39 and 36 Kcal/mole, respectively. It would,
however, be more correct to staﬁe that the energy of acti-
vation lies approximately within the limits of 3C to 40

Keal/mole.
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Juza and Sachze 2 showed that the nickel nitride phase,
which includes the compound NiBN, exists in a narrow range of
homogeneity as a hexagonal close packed interstitial struc-
ture, with lattice constants a=2.664, c=4.298g, and with
nitrogen atoms existing in the centre of the octahedron formed
by nickel atoms. The Ni - N distance was stated to be 1.8772,
and the N-N distance 8.4232. The nickel nitride used in our

experiment corresponds approximately in composition to Ni N,

3
and is assumed to exist as the nitride phase described above.

4,9, Techaical promoted iron catalyst.

Since the composition of this catalyst was not available,

the results warrant only a brief mention. Technical ircn oxide,

as supplied by the Modderfontein ammonia manufacturing plant,
was reduced in hydrogen at a temperature slightly above 400°¢,
An energy of activation determination by the static method
resulted in the rate graph shown in figure II and the Arr-
henius plot shown in figure 12. The energy of activation was
shown to be about 45 Kcal/mole, a relatively high value. By
flow method the energy of activation was approximately 37
Kcal/mole (See figure 12B) The difference cannot be readily
explained. The flow method is probably the more accurate
method, and it is possible that the extrapolatiocn of réte

curves to zero time for static method was not correct.



ENERGY OF ACTIVATION vs ATOMIC

NO.
PLOT.. .. 1
. 6o ! » :
L ' QCrN i)
O n
E ' MnaN;(i )
1 So |~ l ‘ ! B
6 \i F¢2N(i)
X | :
B o
i Ci
(Z) VN ” i
>~ , | i |
z ll C"aN;(“) Fz2N G
> 3o >, ~O
- TiN® Mn.N G .
O T Co N(i)
Q | ,
< { !
| |
20 ! ' 0'/? Fe NCii) — - —v —
6 | VN tii) i o
{
5 lo : _ _ L
ad : S——
w
Z
Ll_l :
o J . ) | | | |
22 23 24 25 26 57 o8
Ti V. Cr Mn Co Ni

" Fe

ATOMIC NUMBER OF THE ELEMENT

FIGURE 14,




- 66,
5. DISCUSSION.

Figures 14, 15 and 16 show the energlos of activation
associated with scven nitride cxtllysts, plotted 2gainst the
atomic numbers of the elements. Each plot is labelled for
convenient reference by using the aoprox1mdte formula for the
nitride IOllowed by the number (i) (ii) or (iii). Each figure
represents a possible relationship of values, and the results
are such that few definite conclusions can be drawn until the
following questions are answered: Do all nitrides show variable
activity if studied over a sufficiently wide range of temperature?
Is VN(i), for example, akin to Crqli,(i) or to CrgNg(ii);or NiBN'
to FooM(i) or to FepN(ii)? Is iron nitride unique in showing
three distinct energies of activation? Before proceeding, the
reservation must be m2de that a discussion can for this reason
be little more than conjectural, 2and each ralationship will be
dealt with, bearing this in mind.

Inspection of the plot shows a systematic behaviour of
CrylW, (1), MngN, (i) and FeoN (i), in which case no other rela-
tion apart from these shown in the three figures can reasonably
be assumed. Characteristic of 211 three plots is that acti-
vation energy values may be grouped in two or three separate
ranges. In figure 14, values of similar magnitude are grouped:
those approximating to 50 Kcal/mole, CraNs (i), MngNo (i) and
FeoN (1) being distinct from those approximating to 30 Kcal/
mole. The three values for ;ron nitride suggests a further
group-ef values approximzting to about 20 Kcal(mole. Figure
1& shows thres groups which consist of generally decreasiﬁg

values, This
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relationship results from 2 consideration of the similar
structural and physical properties . of the two catalysts, van-
adium nitride and titanium nitride. Following the suggestion,.
made in section 4,3,, that similar catalytic behaviour may be
expected, titanium nitride should show'a further cenergy of act-
ivation at Higher temperatures which would more correctly be
associated with VN (i), so that TilN (i) would be related to

VN (ii), as shown. An alternative relation shown in figure 16
is based on the assumption that the highest values determined
for each catalyst are related, snd that vanadium nitride, for
example,'does not show a third cencergy of activation which méy
more correctly be associated with Cr.N, (i}, MngN, (1) and
Fe2N (i). This relation shows 2 rough parallelism beétween two
sets of grouped values, but shows that nitrides in the middle
of the saries have a maximum of activity. A further con-
siderationn, howcver, does not support the grouping of VN (i)
with Cr. N, (i) This is shown in figure 17, which is a plot of
activation energy values with respect to the temperatures at
which'activity changes occur. Considering first the activation
energics observed at higher temperatures than the temperature
of activity change, it is found that those nitrides where the
changes of activity occur at the higher temperatures, show a

correspondingly higher value for activation energy. (CurvelI)
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Cr3N2 (i), MngN, (1) and FepN (i) again show systematic behaviour.
A linear relation, I, includes the points VN (i) and Fe N (iiy,
but it may be moré correct to relate VN (i) to Fe N (i1) (curvelI)
as distinct from Cr3N2(i), MngN5 (1) and FeoN(i), éince‘VN (1)
does not follow the series V-Cr-Mn-Fe in cdrrect order, and
since the FepN (i) and FeoN(ii) values are unlikely to be re-
lated. Similar arguments apply 25 well for the plot of values
determined below the_point of activity change. (Curves III and
vy |

Tt appears, therefore, that the relationships shown in

figures 14 and 15 are morc correct than that shown in figure 16.

Activity _change.

A distinction will be made between the generzl magnitude
of a group of activation energies and the variation in magnitude
of values within a group, and each will be dealt with separately.
First, the factors which may cause variable activity, and so
determine the generél magnitude of 2 group of values, will be
discussed.. |

A change in activity at a distinct tempsrature is shown
for the nitrides of vanadium, chromium, manganese 2and iron.
Titanium nitride may show such behaviour, but as it could only
be studiedvin a narrow range of ﬁemperature, since it only be-
came active close to the maximum operating temperature, this

could not be observed. The narrow range of thermal stability
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of the nitrides of cobalt and nickel precludes an investiga-
tion of their catalytic behaviovr at other temperatures.

A considerable change in activity of 2 single catalyst
'may be caused by a radical change in geometric or electfonic
structure of the catalyst. It is unlikely, however,vthat such
activity chzange is solely due to 2 structural change, unless
the structural change is accompanied by a change in reaction
mechanism. Bach group of activation energies will then be
associated with a single mechanism, probably involving either
of the radicals =W,.°NH or °NH,., Furthermore, Hinshelwood 69
suggested that an Arrhenius plot showing two straight lines
merging as&mptotically iﬁto each other, in which theIIOWer value
of activation energy is shown at lower temperatures, rcsults
from separate reaction mechanisms occuring simultaneously and
in parallel., This is typified by the Arrhenius plots for tha
nitrides of vanadium, chromium, manganese and iron, the latter
showing three values of activation energy.

Various experiments have shown that structural phase
changes appear to coincide with changes in activation energy.
The occurrence of similar actiwvation energies in the casc of
nitrides so varied in properties as, for éxample, vanadium
nitride and iron nitride, suggests that a2 phase chmnge dces not
cause an activity change directly , but rather it may criate
suitable ccnditiohs for o particular  mechanism te t2ke place.

The state-~
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ment that an activit& change 1is not entireiy due to a struc-
tural change, withcut a changc in;mechgnism, is there-

fore not contradicted. The iron nitride catalyst shows a
change in activity close to the structural transition point,
45OOC, above which temperature'UKzé(FQBN) phase predominates,
and beloW which theZ‘(Fe2N) is readily formed. A second act-
ivity change occurs at approximately 375OC, and it is possible
that this change is accompaniad by a phase change to the Z".
(Fe ,7) nitridé,‘which exists at lower temperatures. Analysis
before and after use for several hours at témperatures ranging
from 340°C to 470bC showed virtually no chznge in nitrogen
content, but this does not exclude the possibility of 2 surface
structural change, which would be of considerable importance

in catalysis. This argument applieé as well for the other cat-
alysts. Vanadium nitride, for cxample, exists 2as either of
two phases approximating tc VI or VgN, aﬁd although thé nitride
is stable at the temperiture of activity change, and does not
change from the composition VN3, a surface structural change
m2y once again occur at ths temperature at which the activity
changes., As a further example one may cite an experiment per-
formed by Fischbeck and Szalzer 3, in which the catalytic
activity of a.length of iron wire w=zs determined at the
transition pointEV(ironrgﬁron, working at temperatures close to

O N .
1000 C. A marked reduction in activity occurred when the temp-
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erature dropped below the transition point (8OOOC). It is
significant that it was a transition point from a non-nitride
forming region to a nitride-forming regicn.

A nitride catalyst of variable activity is not uncommon,
-Kunsman7o, for example, using metallic tungsten; molybdenium
and nickel ca£alysts at 600°C to 1200°C,found a change in activity
in each casa., The cncrgy of activation was found to belap-
proximately 45,000 calories for each catalyst, the activity
chahging to 35, 32 and 26 Kcal/mole respectively at higher
temperatures. The author'suggesﬁed that it was due to a change
of the surfacé of the catalyst; a structural change of the sur-
face atoms, or a change in the nature or quantity of adsorbed
gas, or a change in the "composite surface" of the met2l and the
adsorbed gas, or a combination of all three factors. Love and
Emmett, using three technical promoted iron catalysts, observed
a change in activity occurring in two cases. A possible ex-
planation was suggested, that the change was due to a changé in
reaction meéhanism, in which *NH or ~NH2'rédicals take part.

It was suggested that the desorption of adsorbed nitrogen atoms,
i.e. the step presenting the greatest cnergy barrier, was
-facilitated by the formation of«NH or 'NH2 radicals previous to
desorption of nitrogen and hydrogen. From thermodynamic con-
siderations these authors showed that this was feasible, keep-
ing in mind that thermodynamic relations may be profoundly

modified when applied to surface properties. Frankenburger
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and Hodler 71 showed that <¢NH radicals exist-on a tungstén sur-
face during ammonia decomposition. The existence of intermed-
iate products during reaction, facilitating the pathvof reaction
by a stepwise process has long becn recognised 1. Frankenburgéfl
axpressad the synthesis reaction as proceeding generally in |
two stages, nitride formation and nitride hydrogenation, the
latter stage apparently proceéding in stepwise manner invelv-

ing the nitride radicals, thus:

M & N2 ‘(gas) g\ N(ads,)

¥ -N (geyt I - N (has)

NH

M —NH |
(ags) T H— 1 2(ads)

“+ H-—+WM - NH:
| 3(ads)
M --NHS(ads) —M + MHS.

The nitrogen molecule has a high heat of dissociation, and
adsorption or desorption of nitrogen atoms during synthesis and
decomposition wasvassumed to be the slcw reaction step. A
catalyst showing 2 change in activity, with the °*NH or °NH2
or N radicalé participating in different reaction mechanisms
occurring in parallel recuires 2 modification of the stepwise
type of reaction mechanism mentioned above.

It 1s not known which mechanism would cause a low energy of

activation, As was previously mentioned, Love and Emmett showzd
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that desorption of nitrogen énd hydrogen from 2ajx adsorbed

*NH or ~NH2 radical may occur with smaller energy than descrp-
tion of nitrogen from an adsorbed nitrogen atom. The role of
.interstitial nitrogen atoms, if such atoms tzke part in the
reaction at all, must, however, be considered. Recently
Greenhalgh, Slack and Trapnell8 suggested that desorption may
occur from 2an iron surface following the formation of an *NH
group consisting of an adsorbed hydrogen atom and an interstitial v
ﬁitrogen atom. The suggestion was based on several observa=-
tions: Firstly that slow adsorption of nitrogen occurs simul-
taneously with the normal rapid adsorption, 2nd these authors
showed that this slow adsorption was less likely to be caused
by 2 surface migration of atoms, than by the alternative cause,
* the slow penetration of nitrogen atoms into the metal in-
‘tersticesy secondly, Emmett and Brunaucr suggested that iron

in use at catalytic temperaturcs cont2in interstitial atoms,
probably due to this slow adscrption, and finally, Goodeve

and Juck found that the denitriding of iron nitride occurs more
rapidly in an 2tmosphere of hydrogen thaﬁ in vacuc,

The participaticn of interstitial nitrogen in the reaction
mcchanism.could be the factor that determines the general mag-
nituge of the energy of activation. .In a nitride-forming temp-
erature range of =2 met2l, tha interstitial nitrogen may be so

firmly bound that it is not =21llowed to pzrticipate in the rcact-
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ion. The example of iron nitride may be cited. It is generally
considered that the metal is a2 better catalyst than the nitride.
In these experiments, the energy of activation for iron

nitrice at temperﬁtures above 44OOC, i.e. in the nitride forming
range, is higher than that observed at lower témberatures, where
iren has smaller 2ffinity for nitrogen.,

On the other hand interstitial nitrogen-may form a weaker
bend with the already saturated nitrides of vanadium and
titanium than with the metals, which show great affinity for
-nitrogen. This would then 2account for the greater activity of
the nitrides over the metals.

Conéidering Almgquist and Black's experimental data regard-
ing catalyst poisoning, which show that the iron atoms, exposed
by the removal of'the last étoms of oxygen cn reduction of the
cxide, 2re mocst active, it may be of interest to determine
whether oxygen 2toms on an iron surface will inhibit slow ad-
‘sorbtion‘of nitrcgen, If this happens, surface migration of
adsorpad atoms to active iron sites may be the cause of slow
adsorption, because oxyzen atoms should not hinder absorptién
of nitrogen into the metal lattice, whereas they may pravent
surface migratiocn to active sites:'

While the grcuping of similar cenergies of activation may
be due to such factors as suggested above; variation in struc-
ture,telectronic propertiss or other properties of the cat-

alysts are likely to cause the variation of =zactivation

encergies within each group.
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Blectronic factors.

The limited information regarding the exact electronic
state of the interstitial nitrides together with the complicat-
ing factor of the uncertain behaviocur of the surface of solids
in this respect makes it impossible tovattempt mcre than 2
qualitatiVe compariscn of values. The fact that the nitrides
retain to 2 large cxtent the metallic proparties of the parent
met2l, 2nd only modify the metal lattice in dimension 2and not
in type, leads cne to expect that the electronic properties
of the metal 2re not grossly modified by incorporation .of the
metalloid. One may further assume'that the absorption of in-
terstitial nitrogen is a function of the electronic properties
of the metal, in particular due to the extent of d-band char-
acter, and that a comparison of energies of activation based
on the clectronic properties of the metals may not be completely
in crror, It has been suggestad that interstitial nitrogen
may -be partly ionised in somec if not all cases, Jack72,‘
determining tha structural propertieé of theéﬁand;fcarbo- '
nitrides of iron, found tha£ the effective atomic radius of
nitrogen in iron is greater than that ofcarbdn, and suggested
that there may be an eléctron transfar from metalloid to
metal, 2nd mentioned 2 possible significahce in the fact that
those metzls which have an incomplete inner guantum shell are

the only ones that form true interstitial alloys.
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Accordingly it would appear .that the donated electrons enter
this shell. In support of possible ionisation,. Clarke and
Jack42, having determined the structure of cobalt nitride,
oxplained that while the apparent radius of the interstitial
nitrogen is 0.6653, the covalent radius of the nitrogen atom
is O.7lg._The former value was of similar order to that deter-

73

mined.by Jack for nitrogen in iron. S.A. 1\Iemnonov74 said

that the bonds in chromium nitrides are homopolar. The cubic
phase (CrN), howecver, shows no similarity in properties to
other interstitial alloys57. Namnonov suggests that it is‘pos-
sible that the nitrides of other metals, in particul2r those
metals that show little electron defect, have similar

homopolar Rords znd that the nitrides formed by 2 serizs of
transition elements will have bonds varyinz from metallic to
homopolar, depending on the electron deficiency shown by the ‘
met2l, L13N~appears to be the only known nitride with completely
heteropolar bonds75. While.bond types appear to differ in

character from one trznsition met:l nitride to the next, the

effect of interstitial atoms on
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the magnetic properties of 2 metal may illustrate the differcnce
in bonding preoperties of 2 metal and it's nitride. Manganese
nitride forms as a similar or slightly modified ph2ase type to
the met2l., In one manganese phase, the 2bsorption of nitrogen
causes 2 change to ferromagnatism7 s which indicates a change
in c¢lactronic arrangement, and-hencé in bond type. Generally
spe2king, however, onc m2y say that the clectronic structures
of titanium 2nd vanadium are modified to 2 lesser extent on
incorporation of nitrogen atoms than those of the other metals
in the series, .
That the transition metals are normally active catalysts
"has long been recognised. As expressed by Frankenburgor,l the
active catalysts for the ammonia reaction are those that have
a partially filled électrcnic level under the outer shell, sc
that electron éxchange cin take place. More recently the "d-
band" relation to catalysis has becn developed by Dowden2o,

78 Beeck7, Dilke,

Dowdan and-Reynolds77, Couper 2and Eley' ,
Maxted and Eley21 and others. Chemisorption values have shown
decided relationship to d-character of the.adsorbents.
fdsorption has been shown by Dilke, Maxtad and Eley to result
in 2 change in magnetic behaviour of the adsorbent. Other
experiments, based on calgulated d-character involving the

bond .radius of the metal atom and- the number of electons in the
outer shells, have shown striking relzation between the d-char-

acter and beats of chemisorption. It was shown that covalent

bonding occurs with atomic d-orbitals. These experiments were
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performed by‘Beeck7, who compared the results with respéct to
A geometric factors, but Boudart22 pointed out that the fundamental
cause was the d-character shown by the metal, and verified this
suggestion by pointing out that there is 2 marked relation be-
tween log of activity and % d-character, Furthermore, Trapnell ~,
studying the adsorption of six gases, including nitrogen and
hydrogcn, on twenty~two different metul surfaces, showed that,
adsorption activity was associated with d-band character, and
increases with increasing atomic number at the approach of 2
transition period, and decreases towards the end. This was
clearly indicated for the series of elements potassium to zinc,
which, with exception of calcium, showed this behaviour. Wickel
did not chemisorb nitrogen, but titanium and ircn were shown
to 2adsorb 211 the gases. Experiments showing the relation of
d-band character to catalysis were dona by Couper and Eley 2nd
Dowden 2nd Reynolds; who used alloys as catalyétso The choice
of alloys were such that the effect of one metal on another
was to diminish the d-character., A relationship between d-char-
acter and catalytic activity was evident.

With this knowledge, and always bearing in mind the
remarks made about the clectronic structure of the nitrides,
one may attempt a comparison of the energies of 2ctivaticn for

th

(Y]

nitrides with the d-band character shown by the metals,
assuming that the electronic structure of the nitrides are deter-

mined directly by that of the metal, and that an approximate
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parallelism exists for both,
Pauling8odetermined the d-character of a metal from the

formulag

i

R, = 1.825 - 0.043§-(1.600-0.100 }§

R = single band radius of the metal
- %= ngmber of electrons in outer shells

$ = d-band character.

and designated each transitibn metal witﬂ‘d corresponding vzlue.
These values were used by Boudart as basc for the comparison

- of Beeck's heats of chemisorption on various surfaces as was
mentioned above, and there was a deéreése in heat of adsorpticn
of hydrogen and ethylene with increasing percentage d-character,
Of the first traﬁsition series, chromium, iron and nickel were
shown to obey this rule.

When comparing the energies of activation for the nitrides
with respect to Paulings d-band character , we fiﬁd a similar
behaviour in the case of the greatest valuesvdetermined.for
chromium, iron and nickel nitrides. Here any similarity ends,
Manganese nitride deviates from the plot. Cobalt nitride should
not be included since the energy of activation measursd appears
to be more 2kin to the lower activation energy values associated
with the other nitrides. This apblies as well for the nitrides

of titanium and Vanadium, and these show no relation to tha
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- Cr - Fe - Ni nitride pleots. The lower values of energy of
activation show no relation to this d-charactef. It is with
some. reluctance that attention is drawn to the fact that there
appears to be a relation between the variation of the highest
values of activation energy shown in figure 16 and the cnergy
level densities of the 3d-band of the pure metals. The energy
level densities of each metal at the upper limit of energy vary,
with increasing number of electrons associated with the metal,
in opposite behaviour to the activation energies. ,This is shown
in figure 18. The uncertainty lies in the fact that the figure
16 rzlation may not be correct, 2nd 2also that the electronic
properties of the metals, and not the nitrides are,considered°
Furthermorc, the choice of the energy level densities at the.
upper energy iimit does hot take into account the density of
energy levels at lower ener;y vaiaéﬁ ~The uneven manner in
which energy level_densities vary with increasing number of.el-
ectrons associated with the metals is representedfin a plot

after Slater, shown in "Catalysis,volume II"by Emmett,



81.
TABLE_IX.

X shows the phase which is regarded as the predominant phase pre-

sent in . each catalyst used.

: 0]
NITRIDE ' PHASE TYPE ! LATTICE CONSTANTS, A,
. FORMULA. a ' b c '
- -Xo
TiNl f.c.cubic 4,23 (5)
TiNO.23-— hex. CeDo
.42
. «Xe
VN, f.e. cubic® 4,128
Vo hex c.p. - 2.83 , g 4,32
CrN f.c. cubic 4,140
Crolf,  hex c.p.' ™  2.747- 4,439~
2.770 4,474
OX.
MnS.N2 f.e. tetr 4,211 : 4,130
. eX o
MhZN f.e. tetr 4,154 4,037
Mn4N f.e. cubic 4,435
Fe N f.e. cubic - 3.787 K¥
X o v '
ngN CeP. hex 2.759 KX 4.,778KX 4,411KX
FepN orthorhomb

base cen- 2.756KX 4 ,820KX 4 ,416KX
tred :
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'CogN

Ni.N

rhomb. T 2,842
deformed X
hex. C.p.

hex. c.p.  2.664

44 3¢

N

1

4,298
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Geometric factors.

Although the nitride lattice parameters may be\a function of

the electronic character, the relaticn to catalytic activity will
be briefly considered. Table IX shows, in summary, the nitride:
phase types 2and lattice constants. Tt is shown that the nitrides
used as catalysts varied in phase type. CroN,, Mn,N, and Fe N,
which show systematic catalytic behaviour exist respectivaly

2s a hexagonal close packed-, a face centred tetragohal-and

a2 hexagonal -close packed phase, and therefore it appears that.
the phasebtype does nct bear any relation to the energy of
activation., Since varied phase types exist, the lattice
parameters cannot be cocmpared. Other properties‘of the nitrides,
stability 2and heat of formaticn show a general decressae in
value\with increasing atomic number, and this correspcends to

the activaticn energy vériation'shown in figure 15, Here

agzin, such consideraticns lead cnly to a speculative dis-

cussion,

In conclusion, it may be mentioned thzat the activaticn -
energies determined are in gener2l nct very different from

energies of activation shown by many other catalysts. One



gs.,

may cite a number of cases wher: the activation energy is
either of ths order of 40 to 50 Kcal/mole, or of the order -
of 30 Kecal/mole. Some cexamples of the former case are:
Molybdenum, tungsten and nickel (Kunsman),'previously men-
tioned; copper, 46 Kcal/mole (Dixon8l) 3 platimum; 44 Kecal/
mole (Schwab, Schmidt85); iron, approximately 40 to 80 Kcal/
82.83.

mole (Kunsman ) and of the latter: ircn at high tem-

82

peratures, 20 Kcal/mole (Kunsman~<) ; ruthemium, rhodium
and palladium, 30.5, 30 and 31.6 Kcal/mole, respectively
(Amanc and Taylor84); and the lower values of activation
energies fouhd by Kunsman for the molybdemum, tungsten and
nickel catalysts.,

The results, however shcw that the majority of the nit-
rides used show good catalytic activity under certain condi-

tions, and such behaviour does not differ much from the

behaviour of the metals.
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(i)

TABLE 14, CATALYST; TITANIUM _ WITRIDE
Sampleé.ecesacsecsel
RUNcveevossnanensel
~ Space velocity.... ZOOOcc/cc/hour
MasSseaoooo caseneed gram
AnalysSiS.eeecescssee22.5% N, -
TEVPERATURE GAS FLOWRATE ;
MO :
1 oC | 103/T°A | seconds CuCo cc/min.
. i

11 477 1.333 | 238 0.5 0.126

2 gé 1.335 | 255 0.5 0.118

31 4 1.316 | 137 o 0.5 0.219

4 503 1.289 | 96 ; 0.5 0.312

5 506 1.284 | 92 L 0.5 0.326 |

6 499 1.295 | 101 | 0.2 0.297

g 480.3 1.327 163 ; 0.5 0.184
. 478,5 1,331 200 i 0.5 0.1&

9 47745 1.333 216 g 0.5 0.139
10 489.2 1.312 | 164 . 0.5 0.183 |
11 494 1.304 134 : 0.5 0.224
12 | 463 1.359 | 151 . 0.1° 0.040 |
13 473 1.340 73 ; 0.1 0.082
14 468 1.350 | 110 | 0.1 0.085

51 468 1.350 | 94 0.1 0.064
16 46 .1.348 120 0.1 0.050
1 47 1.332 £6 0.1 0.11
1¢ 478 1.332 64,8 0.1 0.093 |
19 470 1.345 84.5 0.1 0.071

ENERGY OF ACTIVATION, E: =

2
=9

(See figure 1)

9.8 Kcal./mole
1 Kcal./mole.



TABLE_1E.

(ii)

CATALYST: TITANIUM _ WITRIDE
SAMPle . eanerseonsd
RUNseoessacencscanl
- Space velocity....2000cc/cc/hour
MasSieooesasssasasd gram
ANlySiS.ieoeesese22.3% N
TEMPERATURE GAS FLOVRATE
NO
oc 103/T°A  seconds c.C. cc/min.
1 461 1.362 319 0.1 0.019
2 462 1,361 221 0.1 0.027
3 461.5 1,361 221 C.1 0.027
4 474 1.339 110 0.1 0.05¢
5 476 1,235 = 70.5 0.1 0.085
6 456 1.335 105 0.1 0.05
g 438 1,314 47,0 0.1 0.12
484 1.321 52 0.1 0.12
9 484 S 1.321 39 0.1 0.15
10 484 1,321 52 0.1 0.12
11 484 1.321 40 0.1 0.15
12 484 1.321 52 - 0.1 0.12
13 484 1.321 50 0.1 0.12
14 502 1.290 33 0.1 0.18
15 498 1.297 32 0.1 0.19
16 497 1.299 36 0.1 0.17
17 495 1.302 41 0.1 0.15
ENERGY OF ACTIVATION, R IIA = 31.6 Kcal./mole.
IIB = 98 Kcal./mole.

(See figure 1)



(iii)
TABLE 2A. CATALYST: VANADIUM _ YITRIDE

Samplecscsescecensl
RUNeeeeecenerececeal

Space velocity....2000cc/cc/hour
MaSSoeoou--ooeoooo5o5 gram

AnalySiSc. oooooo 002102m No
" TEMPERATURE GAS FLOWRATE
NO : . -
o¢ 103/T0A seconds - " Cl.Co cc/min
1 462.,0 1.361 55,0 2.0 2.07
2 462 .5 1.360 6.0 2.0 2.14
3 463.0 ©1.359 55,8 2.0 2.15
4 473,0 1.340 38,4 2.0 3.12
5 473,0 1.340 33.0 2.0 3.08
6 473,0 1.340 38.6 2,0 3,11
g 450,0 1,383 86.0 2.0 1,3%
: 450,0 1.383 86.8 2.0 1.3
9 423,0 1.437 223.5 2.0 0.£37
10
ENERGY OF ACTIVATION, E: I = 35.8 Kcal./mole.

(See figure 2)



(iv)

TABLE 2B., CATALYST:  VANADIUM  NITRIDE
Sampleseveccsessnsl
Run.‘...llooo.o..lg .
. Space velocity....2000cc/cc/hour
MOSS s esaseessoacssles gram
AnalySiSeesscssosel.2% N.
: TEMPERATURE . GAS TFLOWRATE
NO
Oc lOB/TOA seconds T C.C cc/min
1 465 .0 1.355 13,2 0.5 2,27
2 465,0 1.355 - 13,4 0.5 2,24
3 465.0 1.355 13.6 o5 2.20
4 465,0 1.355 13,2 0.5 2.27
5 465,0 1.355 13.2 0.5 2,27
6 446,5 1.390 25.2 o5 2.00
g 462,0 1,361 15,0 0¢5 2.00
462,0 1.361 15.0 0.5 2.00
9 458.,0 1.368 17.8 0.5 1.69
10 462.,0 1,361 14,8 0.5 2.03
11 441,0 1.401 31,2 0.5 0.961
12 441.,0 1.401 30,4 0.5 0.986
13 414,5 1,458 76.5 0.5 0.392
14 413,0 1,458 78.0 0.5 0.385
15 413.0 1.458 70,0 0.5 0. 405
16 404 ,0 1.47@ 81°O 0.5 0.330
17  408.0 1.46 37 .0 0.5 0.345
ENERGY OF ACTIVATION, E: IIA = 35,0 Kecal,/mole. -

IIB = 120 Kcal./mole.

(See figure 2)



(v)

TABLE_2C. CATALYST: VANADIUM___NITRIDE

Sample..ieieceroesel
RunS.....'n....-...l&2

Space velocity....2500cc/cc/hour
M2SSecoososcoarsssoldesl Zram
AnalysSiS..eesascsa2l 4 N,

TEMPERATURE GAS FLOWRATE
NO
O¢ 103/1°4 seconds c.c. ce/min
1 46C.0 1.364 20.2 0.5 1.49
2 460,0 1.364 19.8 0.5 1.5
3 460,0 1.364 20.4 0.5 1.47
4 460.0 1,364 20.4 0.5 1.47
5 465.0 1.355 18.0 0.5 1.67
6 465,0 -+ 1.335 18.0 0.5 1.67
g 4€5,0 1,355 18.5 0.5 1.62
455,5 1.373 23,2 0.5 1.29
9  443,0 1.397 - 36.5 0.5 0.822
10 443,0 1.397 36,8 0.5 0.81¢
11 443,0 1.397 36.8 0.5 0.815
12 431,0 1,420 54,3 0.5 .5
13 432.,0 1.418 53.5 0.5 0,561
14 463,5 1.358 19.0 0.5 1,58
15 478,0 1.332 12.5 0.5 2.40
16 480,0 1.328 10.8 0.5 2.78
1 480,0 1.328 16,8 0.5 2,78
1 480,0 = 1.328 10.8 0.5 2.78
19 480.0 1.328 11.0 0.5 2.73
. ENERGY OF ACTIVATION, Eg ITIA = 34.4 Kcal./mole

(See figure 2)



(vi)

TABLE 2D, CATALYST:  VAVADIUM __NITRIDE
Sampleceesssscossl & 2 combined
RUN.oesoeoosecosanl
Space velocity....2000cc/cc/hour
M2SSeesncanncacssol/ed gram
Analysis....oe....21.3% N,

TEMPERATURE _GAS FLOWRATE
NO
O 103/T°A ‘seconds c.c cc/min
1 440 1.403 19,0 0.5 1.58
2 438 1.406 20,5 0.5 1.46
3 436 1.410 21.9 0.5 1.37
4 471 1.344 g.4 0.5 4,1
5 465 1,355 .8 0.5 3.4
6 465 1.355 8.8 0.5 3.4
g 465 1.355 8.8 0.5 3.4
415 1.453 35.0 0.5 0.857
9 416 1,481 37,2 0.5 0.806
10 415 1.453 36.8 0.5 0,815
11 391 1.5 7g.0 0.5 0.320
12 391 1.506 78,0 0.5 0.384
13 437 1,408 20,2 0.5 1.49
14 456 1,372 11.6 0.t 2.59
15 AE3 1.377 12,2 0.5 2.46
16 446 1.391 16.2 0.5 1.8¢
1 458 1,368 11.6 0.5 2.59
i 4£6 1.372 11.8 0.5 2.54
19 455 1.374 12.0 0.5 2.50
20 421 1,441 35.6 0.5 0.842
21 414 1,456 45,0 0.5 0.667
22 394 1.499 74,5 0.5 0.403
23 40 1.486 54,2 0.5 0.553
24 400 1,486 57.7 0.5 520
25 381 1.529 100.2 0.5 0.294
ENYERGY OF ACTIVATICN, B: IVA = 33.8 Kcal./mole

[ RI }

(See figure 2)

20.8 K al./mole

!



(vii) _
TABLE 3A. CATALYST;  CHROMIUM __NITRIDE

Sample.cieeeeceessl

Run..l ..... Ol'....l
Space velocity....2000cc/cc/hour
MasS.voeone sssseses gram

AnalysiS..c.eeoo.selb.2% N,

- (See figure 3)

TEMPERATURE GAS FLOWRATE

NO
el - 10°3/T°A seconds c.C ce/min
1 465.5 1.324 248.,0 C.5 0,121
2 469, 1,348 281.4 0.5 0.107
3 482,58 1.324 182.6 0.5 0.164
4 489 1.312 169.8 0.5 0.177
g 490 1.311 170.0 0.5 0.177
6  494,5 1.303 128,5 0.5 0.234
g 495 1.302 123.1 0.5 0,244
498 1,297 98.9 0.5 0.304
9 503 1.239 81.5 0.5 0.368
10 501 1,292 87,3 0.5 0.343
11 506 1.284 64,0 0.5 0.468
12 507 1.282 71,7 0.5 0.418
13 . 506.5 1.283 70.0 0.5 0.428
14 496.5 1.300 104.0 0.5 0.288
15 497 .5 1.299 107.5 0.5 0.279
16 499,5 1.295 93,7 0.5 0.320
1 496,5 1.300 112.9 0.5 0,266
18 . 492 1.307 120 0.5 0.250
19 505 - 1,285 75,0 0.5 0,400
20 487 .5 1.315 164 0.5 0.183
21 4g9.5- 1.329 187.4 0.5 0.160
22 482,5 1.324 " 204.0 0.5 0.147
23 484 1.321 . 171.2 C.5 0.175
24 488 1.314 163 0.5 0,184
oL 488 1.314 155.5 0.5 0.193
26 488 1.314 155.8 C.5 0.193
2 490 1.311 154.5 0.5 0.195
2R 496 1.200 115,1 0.5 0.261
29 502,58 1.290 76.9 0.5 0.390
30 502 1.290 93,5 0.5 0.321
31 466 1.353 237 0.5 C.127
32 470 1.346 281 0.5 0.107
33 471 1.344 268 0.5 0.112
34 475 1.337 OLE 0.5 0.117
35 igs 1.337 260 0.5 0.116
36 5.5 1.319 206 0.5 0.146
37 479 1.330 244 0.5 0.123

ENERGY OF ACTIVATION, E: TA=57,0, 1B=3l.1 Kcal/mole.



TABLE 3B.

(viii)
CATALYST:  CHROMIUM _ VITRIDE

SaAMPleesersesencesl
RUNeeeeereenoeensnald

Space velocity....2000cc/cc/hour
MaSS.ceocannenoessd gram
AN2lySiSe.ceoeaass15.0% N,

- TEMPERATURE . GAS TFLOWRATE

VO
Oc 103 /T°A seconds c.cC ce/min
1 469,5 1.347 179 0.5 0,168
2 4ég 1.34 194,5 0.5 0,158
3 46 1,350 216 0.5 0.139
4 476,5 1.334 191 0.5 0.157
5 477 1.333 151 0.5 0.199
6 477 1.333 - 184, 4 0.5 0,161
g 477 1.333 179 £ 0.168
3 4g7 1.333 - 196 0.5 0.153
9 480 1.328° 1:£0.8 C.5 0.199
10 480 1,328 183.0 o5 0.164
11 480 1.328 194 5 0.155
12 468,5 1.349 222 .E 0.138
213, 467 1.351 238 .5 0.126
14 45 1.370 323 0.5 0.0929
15 45 1.368 270 0.5 0.111
16 458 1.368 320 0.5 0.0935
1 483 1,323 141 0.2 0.213
1 483 1.323 146 ‘0.5 0.206
19 498 1.297 82.8 0.5 0.362
20 498.,5 1.296 80.4 0.5 C.373
21 . 505 1.285 61 0.5 0.493
22 507 1.282 54 0.5 0.555
23 506 1.284 52.8 0.5 0.567
24 501 1.292 S 70.6 0.5 0.425
2r 493 1.305 108.5 0.5 0.277
26 493 1.305 101.5 0.5 0.295
27 £11.5 ' 1.275 44,1 0.5 0.680
28 423.5 1.305 104,7 0.5 0.287
29 489 1,312 128.6 0.5 0.233
NERGY OF ACTIVATION, E: TIA = 58.5 Kcal/mole.

1o

I1B 31.2 Kecal/mole,

(See figure 3.)



(ix)

TABLE 44, CATALYST:  MANGANESE _ NITRIDE
Sampleseseseaseasel
RUNessvooscesssocesal
Space velocity....l0,000cc/cc/hour
MASS eeeeocoacessesbd gram
 AnalysSiSe.ecoe..es13.8% N,
TEMPERATURE A GAS FLOWRATE
NO 7
O¢ 103 /7% seconds c.C ce/min
1 424 1,435 56.5 0.5 " 0.531
2 422 1.439 65,8 0.5 0,455
'3 439 1.404 37.8 0.5 0.793
4 427 1.429 43,0 0.5 0.697
5 444 1,395 31.8 0.5 0.943
6 443 1,397 41,5 0.5 0.722
g 442 1.399 36.9 0.5 0.813
430 1.422 47,2 0.5 0.636
9 45 1.366 17.8 s 1.69
10 45 1.368 19.g .E 1,52
11 447 1.389 27. oE 1,08
12 425,5 1.432 £9,E 5 0,504
13 453,5 1.377 23,8 o5 1,26 -
14 467 1.351 13,5 0.5 2,22
15 464 1.357 14,4 0.5 2.08
16 473 1.2 11.4 0.5 2.63
1 470 1,346 11.0 0.5 2.73
1 4go 1.346 11.6 0.5 2,59
19 481 1,326 31.0 2.0 3.87
20 480 1,328 27,8 2,0 4,32
21 499 1.295 12,2 2,0 9,83
22 487 1.316 19.2 2.0 6,24
23 489 1.312 19.3 2.0 6.22
o4 432 ,5 1.417 43,4 0.5 0.690
25 403 1.479 - 82,2 0.5 0.365
ENERGY OF ACTIVATION, E: IA = 52,5 Kcal/mole.
IB = 30.2 Kcal/mole

(See figure 4)



(x)

TABLE 4B, CATALYST: _ MANGANESE  NITRIDE

Samplecececccsssesl
RUNicossvossnsvaasl
. Space ve1001ty....2OOOcc/cc/hour
MOSSecessonsensesed gram |
Analysis.....,....IB 9m N.

TEMPERATURE GAS FLOWRATE

NO
OC 103TOA seconds c.C . ¢ce/min
1 3g4 1.546 200 0.5 0.150
2 3.5 .523 163 0.5 0.184
3 383,0 1.524 152 0.5 0.198
4 401 1,484 80.0 0.5 0.375
5 423,5 1.436 - 40,2 0.5 0.745
6 430 1.422 34,6 0.5 0.866
g 429 1.425 . 34,8 0.5 0.861
2 444 1.395 22.9 0.5 1,31
9 415 1.453 51.7 0.5 .580
10 449 1.385 13.2 0.5 61
11 435 1,412 28.0 0.5 1. o7
12 459 1.366 12,0 0.t '2,F
13 457 ' 1,370 9.0 2.0 2.03
14 466 1.353 40,0 2.0 3.00
15 473 1.340 31,4 2.0 3.82
16 470 1.346 35,1 2,0 3,42
1 477 ,5 1.333 26.8 2.0 4,47
1 47 1,332 27 .4 2.0 4,37
19 470 1.346 35,0 2,0 4,43
20 448,5 1,386 80.0 2.0 <50
21 464,0 1.357 36.3 2.0 3.32
22 471.0 1.344 27.8 2.0 4,32
ENERGY OF ACTIVATION; E: , ITA = 50.3 Kcal/mole.

IIB = 29.4 Kcal/mole.

(See figure 4)



TABLE 4C. CATALYST: _ MANGAVESE __ JITRIDE

Samplesiccsoneceesd
RUNeesesoeesnsneosl

Space velocity....2000cc/cc/hour
eSS eeoeeseosnnoenl gram
ANalySiS.esceeeesel3.9% N,

(x1)

TEMPERATURE ‘ : GAS FLOWRATE
MO .
ol 103T%A seconds c.c cc/min
1 460 1.364 86.8 1.0 0.692
2 466 ~ 1,323 68.8 1.0 0.872
3 472 1.342 49,5 1.0 1.214
4 461 1.362 75,0 1.0 0.800
5 462 1.361 73.4 1.0 0.817
6 443 1,397 153.5 1,0 0.391
g 452 1.379 112.8 1.0 0.532
452 1.379 108.4 1.0 0.554
9 425 1.433 306.4 1.0 0.196
10 426 1.431 6.4 1.0 0.234
11 426 1.431 295, 1.0 0,204
12 438 1,406 186 1.0 0.323
13 466 1.3:23 52,0 1.0 1,16
14 471 1,344 40.0 1.0 1.5
15 420 1.443 260 1.0 0.231
16 423 1.437 248 1.0 0.242 °
1 400 1.486 583 1.0 0.103
1 416,5 1.450 54 1.0 0.170
19 371 .55 190 1.0 0.032
20 42G,0 1.443 293 1.0 0.205
21 484,5 1.320 28.6 1.0 2.10
22 463.,0 1.35 71.4 1.0 - 0.840
23 421,0 1.441 31 .6 1.0 0.1 o
24 442 & 1.398 156 1.0 0.2
25 465,5 1.354 . . B9, 1.0 1. 01
26 483,0 1.323 31. 1.0 1.89
2 483,5 1.322 31.0 1.0 1 94
28 471,0 1.344 49,6 1.0 1.21
29 475 ,5 1.336 42,8 1.0 1.40
30 475,5 1.336 42,0 1.0 1.43
31 479,0 1.330 40 .4 1.0 1.49
32 371.0 1.553 171, 4 1.0 0,035
ENERGY OF ACTIVATION, E: TIIA = 52.3 Kcal/mole.
IIIB = 30.9 Kcal/mole,

(See figure 4)



(xii)
TABLE 54, .  CATALYST: _ IRON _ NITRIDE

Sample.ieeccescoceal
RUNeessesesesvososl

Space velocity....2000cc/cc/hour
MaSSeoesesceeensseld SrAm
AnalysiS..e.ece...10.8% N.

TEMPERATURE  GAS FLOWRATE
NO '
O¢ 163/T°4 seconds c.C ce/min
1 456 1.372 6.6 2.0 18
2 437 1.408 15.0 2.0 8.00
3 449 1,385 10.0 2.0 12,0
4 469 1,348 4,8 2.0 25
5 470 1.346 4,8 2.0 2L
6 45E 1.3&4 6.4 2,0 19
g 450 1.3383 10.8 2,0 11.1
43 1.408 15.4 2,0 7.78
9 42 1,42 20,2 2.0 £.94
10 408 1,468 37,0 2,0 3.24
11 40 1.466 39.0 2.0 3,08
12 39 1.430 52,0 2.0 2.31
13 399 1.488 - 58.0 2.0 2.07
14 39 1,488 60 2.0 2.0
15 398 1.490 15 0.5 2.0
16 390 1,508 19 0.5 1,58
1 363 1.572 41 0.5 0,73
1 363 1,572 40 0.5 0.75
19 328 1.664 101 0.5 0.297
20 328 1,664 1109 0.5 0.275
ENERGY OF ACTIVATION, E: IA = 48,5 Kcal/mole.

32,6 Kcal/mole.
20.7 Kcal/mole,

. IB
IC

(M

(See figure 5)



(xiidi)

TABLE 5B, - CATALYST: _IROW _ “ITRIDE
Samplesseesssssoael
RUnN..ceeevensensscsl
Space velocity....2000cc/cc/hour
MaSSeseeeaeacesseed gram .
AnalySiSesesseeses 10.8% n.
TEMPERATURE GAS FLOWRATE
NO :
OC lOB/TOA seconds c.C ce/min
1 392 1,504 27 .0 0.5 1.11
2 395 1,497 26,5 Q.5 1.13
3 391, 1.506 29,0 0.5 1,03
4 428 1.427 g.o 0.5 3.3
5 427 1,429 8 0.5 3.4
6 41 1.449 11.5 0.5 2.61
g 38 1.513 26.6 0.5 1.13
415,5 1.452 12.8 0.5 2.34
9 440 1,403 5.5 0.5 5.5
10 329 1.661 228,2 0.5 0.132
11 32 1.661 224 0.5 0,134
12 32 1,664 190 0.5 0.158
13 359 1.582 73 0.5 0.41
14 370 1.555 57 0.5 0.53
15 350 1,555 53 0.5 0.57
16 384 1.522 37 0.5 0,81
1 353 1.597 101 0.5 0.297
1 381 1.529 42,6 0.5 0.705
19 339 1.634 14,1 0.5 0.213
20 45 1,366 9.24 2.0 13.0
21 44 1.38 16,2 2.0 7«40
22 46 - 1,34 6.1 2.0 19.6
23 46 1.350 6.4 2.0 19
24 465 1.355 7.0 2.0 17
25 475 1.337 5.7 2,0 21
ENERGY OF ACTIVATION, =t I1A = 48.3 Kcal/mole.
IIB = 32.7 Kcal/mole.
IIC = 22,2 Kcal/mole.

(See figure 5)



(xiv)

TABLE 5C. CATALYST:  TRON _ NITRIDE
Sampleseceeasescensl
RUNs:cvoveccnoenered
Space velocity....12000cc/cc/hour
M&SS.....-..‘......5 gl"am
ANalysiS...ece.e.0e10.8% N,
TEMPERATURE GAS FLOWRATE
NO
Oc 10°/7°A seconds c.C ce/min
1 456.5 1,371 6.2 2.0 19
2 464,0 1,357 4,6 2.0 26
3 470 1.346 3.6 2,0 33
4 455 1.374 6.6 2,0 18
5 439 1.404 12,4 2.0 9.67
6 384 1.522 80 2.0 1.5
g 407 1.471 37 2.0 3.3
401 1,484 49 2,0 2.5
9 430 1.422 17,2 2.0 6.97
10 427 1.429 19.2 2,0 6.25
11 424 1.435 20.5 2,0 5.85
12 334 1.647 350 2,0 0.343
13 334 1.647 348 2,0 0.348
14 365 1.567 148 2.0 0.810
15 348 1.610 222 2.0 .540
16 329 1,661 437 2.0 0.275
17 325 1.672 426 2,0 0.282
"ENERGY OF ACTIVATION, E: TTIIA - 46,1 Kcal/mole,
: \ IIIB = 31.6 Kcal/mole.
ITIC = 20.1 Kcal/mole,

(See figure 5)



(xv)

(See figure 6)

TABLE 6A. CATALYST: IRON _ WITRIDE
Sample.cesesscsecel
RUNeeeooococoonasasl
Space ve1001ty....BQ,OOOcc/cc/hour
MaSSsveecsessnsseel gram
AnalysiS.eeeeeeess11.0% N,
TEMPERATURE GAS FLOWRATE
NO -
°c lOB/TOA seconds c.C cc/min
1 444 1.395 17 2.0 7.1
2  440,5 1,402 19,5 2,0 6.2
3 438 1.406 21,2 2,0 5.65
4  437,8 1,407 21,2 2.0 5.65
5 427 1,42 29,2 2.0 4,11
6 422.5 1,43 34,4 2.0 3.49
g 410 1,464 52.8 2.0 2.27
393 1,488 81.8 2.0 1,47
9 38 1.513 134 4 2.0 0.894
10 343 1,623 2,0 0.224
11 379 1.534 g 0.5 0.77
12 364 1.570 6 0.5 O.44
13- 363,5 1.571 g 0.5 0.42
14 356 1.590 7 0.5 0.35
15 347 1.613 120 0.5 0.250
16 412 1.46C 13 0.5 2.3
1 432 1.418 5.8 0.5 5.2
1 430 1,422 25.2 2.0 4,76
19 438 1.406 19.5 2.0 6.15
20 450 1.383 13.5 2.0 8.88
21 449 ' 1.385 14,2 2.0 8.45
22 g .5 1,365 9.4 2.0 13
23 1.368 9.8 2,0 12
24 1,342 5.3 2.0 23
25 468 5 1.349 6.4 2.0 19
26 462.5 1.360 8.2 2.0 5
ENERGY OF ACTIVATION, E: IVA < 48,2 Kcal/mole.
IVB = 32.2 Kcal/mole,
vC¢ = 25,1 Kcal/mole,



(xvi)

TABLE_6B CATALYST: _ TRON _ NITRIDE
Sampleesecceceoesel
Runoan..o-ooooco.02
Space velocity....2000,cc/cc/hour
MaSS.veeosesessessld gram
AnalySiS..eesoesesll.0% N,
TEMPERATURE - GAS FLOWRATE
NO
o) 10° /2°4 seconds c.c cc/min
1 439,5 1,404 19 2.0 643
2 447 1,389 15 2.0 - 8.0
3 462 1,361 9.2 2.0 13
4 460 1,364 9.2 2,0 13
5 456 1,372 10 .6 2.0 11.3
6 455 1.374 12 2.0 10
g 450 1.383 13 .2 2,0 9,08
465 1.355 7 2 2,0 17
9 413.5 1.457 41 .8 2,0 2.87
EMERGY OF ACTIVATION, E: VA = 46,9 Kcal/mole.
. VB = 31.4 Kcal/mole,
(See figure 6)



v . (xvii)
TABLE 6C. CATALYST:; IRON _ NITRIDE

Sample.siicossescse? ‘ .
RUNieeieooncaceneed
Space.velocity....2000cc /cc/hour
oSS s easessssnseasld Zram
AnalysiSe..oa.oee.11l.0% N,

: TEMPERATURE GAS FLOWRATE
°c - 103/T% seconds c.C ce/min
1 437 1.408 30 2.0 4,0
2 418 1.447 48 2.0 2.5
3 410 1.464 71 2,0 1.7
4 417 1.449 60 2.0 2.0
5 429 1.425 41 2.0 2.9
6 402.5 1,480 91 2,0 1.3
7 440,5 . 1,402 26.4 2.0 4,54
8 446 1.391 18,2 2,0 6.60
9 464,5 1,356 9.2 2.0 13
10 454, 5 1.375 13.4 2.0 8.95
11 - 421 1.441 49,4 2.0 2,43
12 344 1.621 136 0.5 0.22
13 362.5 1.573 81 0.5 0.37
14 363,.5 1,571 75 0.5 0.40
15 391 1.506 34,2 0.5 0,88
16 39 1.488 18.2 045 1.65
17 448,5 1.386 18,2 2.0 6.59
EVERGY OF ACTIVATICN, E: VIA = 46.9 Kcal/mole.

VIB
VIC

30.4 Kcal/mole,
23.1 Kcal/mole.,

ooy

(See figure 6)



(xviii)

(See figure 7)

TABLE 7B, CATALYST: _ COBALT _ NITRIDE
Sampleeeseeseseasal
Runlate ooooo ooo.ool
Space velocity....70, OOOcc/cc/hour
MasS.eeeeesnnoessalo 03 gram
AnalysiS..eeeies.ee10.1% N,
TEMPERATURE GAS FLCWRATE
NO L |
oc 10° /14 seconds c.cC ce/min
1 464.,5 1.356 1131.2 1.0 0,457
2 465.0 1.355 - 130 2 1.0 0.462
3 470.5 1.345 - 11 .7 1.0 0.515
4 470.0 1.346 g .0 1.0 0.504
5 470.0 . 346 1.0 0.507
6 465,0 1.355 133. 1.0 0.449
g 464,0 1,357 136.8 1.0 0.439
452,0 1.379 187.5 1.0 0.320
EVERGY OF ACTIVATION, Bs 27.4 Keal/mole.



TABLE_7B.

(xix)

CATALYST:  COBALT  NITRIDE
Sample.ceceoseseesl
RUNcesecerssoasenseld
Space velocity....12C,000cc/cc/hour
MaSS......a....-eao.Ol gI‘am
 ANalySiS...ceceeces10.2% N,
TEMPERATURE GAS FLOWRATE
NO
O¢ - 103/T%A seconds c.c cc/min
1 453,5 1.376 627 1.0 0.096
2 463.0 1.359 507 1.0 0.119
3  453,0 1.377 650 1.0 0.092
4 475,0 1.337 - 385 1.0 0.156
5 472.,5 1,341 395 1.0 0.152
6 480.5 1.325 - 382 1,0 0.171
g 480.0 1.32 : 334 1.0 0.130
453,0 1.377 649 1.0 0.193
9 459,5 - 1.365 547 1.0 0.110
1C 463.0 1.358 aBo 1.0 0.134
11 464,0 1.357 501 1.0 0.120

ENERGY

OF ACTIVATION, Es

(See figure 7)

26.7 Kcal/mole.



(xx)

TABLE 8A, CATALYST: _ NICKEL __ NITRIDE

Sample.scecesossasel
"RUN..ceeseccseeneal

Space velocity....1l00,000cc/cc/hour
MaSScessnoseeanesnesCo 02 gram
AnalySlSuoco.oen.o,? 2/0 .

TEMPERATURE GAS FLOWRATE

NO
¢ 103/T%A seconds c.cC ce/min

1 442 1.399 126.8 1.0 0.473

2 450 1,283 99,8 1.0 0.602

3 447 1.389 113.8 1.0 0.527

4 443 1.397 . 1?2.0 1.0 0. 454

5 443,5 1,396 121.0 1.0 0,496

6 444 1.395 125.0 1.0 C. 480

g 446 1.391 119.,C 1.0 0.504
445 1.393 120.0 1.0 0.500

9 441,5 1.400 138.1 1.0 0.435

10 443.0 1,401 - 138.0 1.0 0.435
ENERGY OF ACTIVATION, E: T = 3% Kcal/mole

(See figure 8)



(xxi)

TARLE 8B, CATALYST:  NICKEL _ NITRIDE
Sample‘o...c.i...lz
Run.-....-;....a..-.l
Space velocity....120,000cc/cc/hour
MaSSeveesosessoeece 0.0l gram
AnalySiS.ceeseeces?.1% N,
TEMPERATURE GAS FLOWRATE
NO :
oc 103/T°A  seconds c.c ce/min’
1 439 1,404 563 1.0 0.10
2 444 ,5 1.394 437 1.0 0.13
3 445 1,393 450 1.0 0,133
4 446.5 1.390 425 1.0 0.141
5 445,5 1,392 425 1.0 0.141
6 437.5 1,407 571 1.0 0.105
g 447 1.389 459 1.0 0.131
450 1,383 449 1.0 0,134
9 . 443 1,397 594 1.0 0.101
10 445 1.393 "~ 569 1.0 0.106
11 445,5 1,392 523 1.0 0.115
12 447 0 1.389 485 - 1.0 0.124
13 441 1,401 607 1.0 0.09
14 451 1.381 435 1.0 0,13
ENERGY OCOF ACTIVATIOM, E: IIA = 39 Kcal/mole,
. . IIB = 36 Kcal/mole.

(See figure 8)





