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The kinetics of NH; decomposition on polycrystalline Pt are examined over a wide range
of catalyst temperature (500 < T < 1700°K), pressure (0.015 < Pyg, < 20 Torr), and
gas composition in a steady-state flow system with conversions sufficiently low that differ-
ential rates are obtained. Calibration of system and mass spectrometer parameters yields
an apparent accuracy of better than +10%, under all conditions. All data in pure NH; and
in NH;-H, and NH;-N; mixtures could be fit to a single Langmuir-Hinshelwood (LH) rate
expression with experimental data deviating from calculated LH curves by less than 10% in
pure NH; and 209, in NH;~H; mixtures over a range of 10* in reaction rates. Orders with
respect to NH;, H, and N, are determined, and coefficients of pressures are shown to have
Arrhenius temperature dependences with activation energies appropriate for heats of ad-
sorption. Several reaction mechanisms which can give this rate expression are described, and

the significance of parameters is discussed.

INTRODUCTION

Because of its apparent simplicity and
assumed relation to NH; synthesis, the
catalytic decomposition of NH; on transi-
tion metals, especially Fe and Pt, has been
examined many times over the last 50
years (1, 2). Kinetic measurements on Pt
in batch (3-6) and flow (7,8) reactors
yvield qualitatively similar results with
respect to orders of reaction for NH;, H,,
and N. and the activation energy, but
deviations from the mean are frequently
large (2). Rates are typically fit to Temkin-
Pyzhev expressions (2, 9), although agree-
ment of any set of data with this expression
is obtained only by letting some of the
constants be functions of temperature and
partial pressures, and many alternate rate
expressions have been proposed (I, 2).
Various investigators have attempted to

1 This work was partially supported by NSF
under grants No. GK16241 and ENG75-01918.

show the adsorbed complex to be N atoms,
NH, NH;, or NH; by analysis of kinetics.
(It should be noted that in most previous
studies the principal interest was the syn-
thesis reaction on Fe, and the kinetics of
the decomposition on Pt has not received
comparable attention.) Recent interest
has centered on direct examination of
these complexes by mass spectrometric
analysis of desorption products (10) or
of fragments desorbed by ion impact (11).
While in principle more direct than kinetic
analysis, these experiments have also been
frustrated by uncertainties in interpreta-
tion of the results.

In the work reported here we find that
rates of NH; decomposition over a wide
range of temperature and partial pressures
of NH;, H;, and N, can be fit to a single
Langmuir-Hinshelwood (LH) rate expres-
sion. This expression also fits the data of
most previous investigations, but it elimi-
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AMMONIA DECOMPOSITION

nates the need for many of the complex
assumptions invoked to explain data ob-
tained over limited ranges of temperature,
gas composition, and conversion,

These results agree with our previous
contention that LH Kkinetics qualitatively
predict measured rates of CO oxidation
(12), NH; decomposition (73), the NO
+ NH; reaction (13), and NH; oxidation
on Pt, Pd, and Rh (/4). The emphasis in
the present work is to obtain rates in this
simple reaction as accurately as possible
in order to measure all rate parameters,
to test quantitatively the validity of LH
kinetics, and to obtain adsorption, de-
sorption, and reaction parameters,

EXPERIMENTAL

Reaction rates in a Pyrex steady-state
flow reactor were measured continuously
with a differentially pumped quadrupole
mass spectrometer system. While the
apparatus and procedures have been de-
scribed previously in connection with
steady-state and transient kinetics of
NH; and CO oxidation reactions (12, 13),
the accuracy and precision of measure-
ments have been improved by more careful
specification of partial pressures, tem-
peratures, and reactor parameters.

Gases were admitted through metal
valves, and all inlet and outlet flow lines
were trapped with liquid nitrogen or Dry
fce. The catalyst was an 8-cm length of
0.025-cm-diameter high purity polyecrystal-
line Pt wire. Short segments of 0.0075-
cm-diameter wire were welded between
the wire and its supports for uniform tem-
peratures, and temperatures were mea-
sured from the resistance between 0.0075-
cm-diameter potential leads. A Kelvin
bridge temperature controller maintained
specified temperatures constant to within
a few degrees.

After heating in O, at ~1 Torr for
several minutes to remove carbon, rates
of NH; decomposition were reproducible
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to within a few percent on a given wire
and within 109, over long periods of time
and on several different wires. Wires were
periodically heated in O,, but there was
never any evidence of contamination after
many hours of reaction as long as high
purity gases were used with trapping.
Wires were frequently heated to high tem-
peratures, and their shiny appearance
and previous cxamination with scanning
electron microscopy (15) indicated them
to be smooth. The reproducibility of data
and examination by Auger electron spec-
troscopy and sputtering techniques are
evidence that Pt surfaces heated in O,
are ‘“‘clean,” li.c., are free of carbon, sulfur
and other typical contaminants (76).
We interpret the present results in NH;
and H, mixtures as also indicative of con-
taminant-free surfaces. This implies that
the high H, pressures in reducing atmo-
spheres are also efficient in removing traces
of C and S which must be present in the
gases in the parts-per-million range. We
emphasize that we have no direct evidence
that these surfaces are clean, and further
experiments are necessary to determine
species coverages directly.

Rates were measured using the “stirred
tank’ mass balance equation,

rr = (¢/(ARTy))(Pjo — Py), (1)

where g Is the reaction rate per unit surface
area A, ¢ is the volumetric flow rate, and
P,, and P; are the inlet and reactor partial
pressures of species j. The flow rates of
reactants were obtained by measuring
the rate of pressure decrease in flagsks with
gases leaking into the reactor. Absolute
total pressures were measured with a
trapped McLeod gauge connected to the
reactor. Measurement of pressure versus
flow rates in gas mixtures confirmed that
the composition in the reactor was that
fixed by the flow rates, i.e., that the resi-
dence times for all gases were identical.
Mass spectrometer sensitivities were de-
termined for each gas at the composition of
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Fia. 1. Rate of decomposition rg on Pt versus T
in a mixture of 259 NH; and 759 Ar at total
pressures indicated. Rates are within a few percent
of those in pure NH; at the same partial pressure
(solid curves) at high temperature, indicating no
boundary layer depletion up to those pressures.

interest by switching from a given reactant
composition to one containing a small
known percentage of the produect being
monitored (N, with pure NH; or NH;/H,
mixtures and H; with NH;/N,; mixtures).
This corrects for variations in mass spec-
trometer sensitivity which can be as much
as 509, in widely different gas compositions.

Conversions were always less than 59,
for T < 800°C and less than 159, at the
highest temperatures so that rates in
Eq. (1) are nearly those of a differential
reactor. This was especially important
at low temperatures where product H,
severely inhibits the reaction. Measure-
ment at low conversions required accurate
suppression of background partial pres-
sures in the mass spectrometer. Product
inhibition affected the rates of NH;
decomposition reported previously (13, 14)
and may have been significant in NH,
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oxidation also because conversions as
high as 509, were used.

The residence time, controlled by a
valve between the reactor and the pump,
was typically less than 1 sec. Steady-state
rates were attained within the 1-3-sec
response time of the recorder following
any step changes in temperature and
composition,

Use of Eq. (1) requires that the gas
composition be uniform. For pressures
<1 Torr the mixing time in a 10-cm-
diameter bulb is <0.06 sec, much less
than the residence time. However for high
reaction rates and high pressures there
may be reactant depletion near the wire
surface because of boundary layer diffu-
sion limitations at pressures where viscous
flow applies. Calculations are difficult
because of possible convection, but we
suggested previously that boundary layer
depletion may have been significant in
NH; oxidation above 0.1 Torr for high
reaction rates (13, 14).

The onset of boundary layer depletion
of reactant was examined by measuring
the apparent rate of NH; decomposition by
dilution with Ar. Figure 1 shows that for
a composition of 259, NH; and 759, Ar,
the reaction rates at high temperatures
do not fall below the rate in pure NH;
(solid lines) at the same partial pressure
up to a pressure of 3.0 Torr. At lower tem-
peratures the rate appears to be somewhat
lower than in pure NH;, but these differ-
ences are within the accuracy of these
early data. This result demonstrates that
the stirred tank flow reactor method is
applicable up to at least 1 Torr for reaction
probabilities above 0.01 (see below). It
also indicates that the method has sufhi-
cient accuracy to permit determination
of possible inhibition by N, and H, added
in large excess of the NHs,.

DECOMPOSITION OF PURE NH;

Figure 2 shows the rate of NH; de-
composition versus Pt wire temperature
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Fre. 2. Rates of NH; decomposition on Pt in
pure NH; between 0.015 and 10 Torr versus tem-
perature. Conversions were sufficiently low that
differential rates are obtained. The solid curves are
calculated from the Langmuir-Hinshelwood uni-
molecular reaction rate expression, Eq. (2).

for NH; pressures between 0.015 and 10.4
Torr. At low temperatures the rates at
all pressures obviously follow an asymptote,
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Fia. 3. Plot of log rr versus log Pnx, for tem-
peratures indicated. At high temperatures the re-
action is first order in Pxm, and at low temperatures
the reaction rate becomes independent of Pnw, as
predicted by Eq. (2) (solid curves).

showing that the reaction is zeroth order
with respect to Png,. At high temperatures
the rates drop below the asymptote and
become dependent on pressure. Figure 3
shows a plot of rate versus Pyu, for tem-
peratures shown. Data points in the iso-
therms are points from Fig. 2 if they co-
incide with the temperature chosen; other-
wise rates were interpolated from rates
just above and below that temperature.
The rate is first order in Pxu, at high
temperatures (myu, = 0.99 £ 0.05) and
approaches zeroth order at high pressure
for the low temperature isotherms. This
indicates that the rate in pure NH; should
be given by a LH rate expression,

'R = kRKNH;,PNHa/(l + KNH3PNH3), (2)

where kg is usually interpreted as the reac-
tion rate constant

kR = kOR exp (—ER/RT) (3)
and Kxg, the adsorption constant for NHj,
KNH;, ol K[)NH3 €xXp (ENH;,/RT); (4)

with Fr and Exm, the activation energy
for reaction and the heat of adsorption of
NH;, respectively.
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Fia. 4. Plot of log rg versus 1/T in pure NH;
for the data of Fig. 2 in the zero-order regime.
The slope and intercept of this line gives kr as
shown in Eq. (5).

The Arrhenius forms of kg and Kxg,
are examined in Figs. 4 and 5. Figure 4,
obtained from points on the zero-order
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F1a. 5. Plot of log rr/Pxn, versus 1/T in pure
NH; in the high temperature first-order regime.
The slope and intercept of this line give kg Knn, as
shown in Eq. (6).
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asymptote of Fig. 2, gives a straight line
for a rate variation by a factor of 100. This
yields

molecules
el ———
cm? sec Torr

= 2.27 X 10** exp (—21,000/RT), (5)

with Eg in calories per mole. A plot of
rr/Pnn, versus 1/T for the high temperature
rates is shown in Fig. 5. While the variation
in rr/Pnu, 1s only over a factor of two
(temperature range limited by vaporiza-
tion of Pt), data appear to follow the
Arrhenius form with

molecules
kRKNH3 < >
cm? sec Torr
= 9.87 X 108 exp (—4300/RT), (6)
or, using Eq. (5),
Knu,(Torr?') = 4.35 X 10-5
X exp (16,700/RT). (7)

Solid lines in Figs. 2 and 3 are those
calculated from Eq. (2) with parameters
from Eq. (5) and (7). Rates over a factor
of 10* are fit by this expression with no
systematic deviations. Excepting the high
pressure curves, Pyn, = 10.4 and 4.5 Torr,
and the lowest pressure, 0.015 Torr, the
largest deviation of any point from the
calculated curves is ~109,. At 0.015 Torr
the curves exhibit random scatter because
of pressure measurement inaccuracies. At
high pressures the actual rates are con-
sistently below the calculated rates, but
this is certainly due to either the reverse
reaction or pressure decrease near the wire
surface (Fig. 1). Equilibrium with H, and
N would at first sight appear to be far
toward NH; at these relatively high tem-
peratures. However in the approximation
of a well-mixed reactor (low pressure),
the temperature relevant to an equilibrium
composition calculation is room temperature
because that is the temperature of most
of the gas in the reactor. This rather sur-
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prising result can be seen simply by writing
the reversible adsorption, reaction, and
desorption steps

NH; (g, 300°K) = NH;(s, T)
NH;(s, T) @ N(s, T) + 3H(s, T)

N(s, T) 2 3Na(g, 300°K)
and
3H(s, T) = $H.(g, 300°K).

If all of these steps are at equilibrium, then
their sum,

NH; (g, 300°K) = 1N, (g, 300°K)
+ %H2 (g) 30001{)7

will be at equilibrium. This indicates that
this reactor type may be useful in the
study of other exothermic reaction rates
at high temperatures because the equi-
librium limitation is that at room tem-
perature as long as the pressure is suffi-
ciently low. If there are significant tem-
perature and composition variations in
the boundary layer, the relevant limitation
is of course at that temperature and
composition.

Equilibrium for Pxu, = 10.4 Torr yields
Py, = 1.1 Torr, which is significant com-
pared to Py, = 0.4 Torr which corre-
sponds to the measured conversion of
89%. Thus, we conclude that in pure NH;
there are no detectable systematic devia-
tions in the actual reaction rate from the
above expression.

HYDROGEN INHIBITION

Next, rates were measured with mix-
tures of NH; and H. to determine the
influence of H; on the decomposition rate.
Figure 6 shows rp versus T for NH;
pressures of 0.05, 0.3, and 0.65 Torr with
hydrogen pressures as indicated. Similar
sets of data were obtained for additional
NH; pressures, but for clarity they are
not, shown in Fig. 6.

We assumed that in H, or N,, the rate
expression in pure NH; should be modified
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F1q. 6. Plot of rg versus 7' in NHyH; mixtures
for three pressures of NH; and for H, pressures
indicated. Solid curves are those calculated from an
expression of the form of Eq. (8) with parameters
shown in Eq. (12).

by adding terms in the denominator of
Eq. (2) to obtain

e = krKnn,Pxuy/(1 4+ KnuPnu,

+ KuPu,"8 + KxPx,”¥). (8)

Mechanisms which yield these rate ex-
pressions with various values of my and
my will be discussed later.

With Py, = 0 solution of Eq. (8) for
KyPy,m yields

1 1
KuPyu,"1 = kpKnu,Pxu, (“ — —) , 9

r To

where ro is the rate of reaction with Ppy,
= 0, Eq. (2). Rates in Fig. 6 were plotted
as a function of Py, as shown in Fig. 7 for
three different temperatures. As with iso-
therms in pure NH,;, data points at the
indicated temperatures were extrapolated
from data at temperatures just above and
below those of interest. These points give
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Fia. 7. Plot of log KuPr, 8 as defined by Eq.
(8) and (9) versus log Pm, at temperatures indi-
cated. The solid lines are those predicted for
ma = 4, and the best fit to these data gives
myg = 1.5 =+ 03

straight lines on the log-log plot and the
slopes of these lines give mu = 1.5 & 0.30.

The dependence of rg on Pyg, for a
fixed Pg, of 0.45 Torr and two tempera-
tures is shown in Fig. 8, It is evident that
the rate is precisely first order in Pyg, over
a pressure variation by a factor of ~100.

The temperature dependence of Ky
was determined by dividing the quantity
KyPu,m8 of Eq. 9) by PH’i, and Fig. 9
shows a plot log Kx versus 1/7. This indi-
cates that Ku, can be fit by an Arrhenius
temperature dependence with

molecules
B (o one)
cm? Torr
= 9.85 X 10~%exp (27,700/RT). (10)

All solid lines in Fig. 6 are those calculated
assuming the form of Eq. (8) with Arrhenius
parameters from Egs. (6), (7), and (10).
The experimental scatter of data points is
larger than for pure NH; as expected,
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Fia. 8. Rate of reaction versus Pnm, in a hy-
drogen pressure of 0.45 Torr. The lines drawn
through the data points indicate a first-order
dependence on Pyag,.

because rates in H, are lower, they depend
more strongly on temperature, and an
additional experimental parameter must

30
20}
ol
Ky ©
0 As 8 [Ke] (3]
(/T 2103 (¢k™)
Fie. 9. Plot of log Kg, defined by Eq. (9),

versus 1/7. A straight line indicates that the
hydrogen adsorption constant Kx has an Arrhenius
form, and parameters are shown in Eq. (10).



be specified. However no data points shown
in Fig. 6 or any other data not shown
deviated from the calculated curves by
more than ~209;,, and no systematic
deviations of any points from the calculated

idont
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We attempted to observe D, inhibition
of NH; decomposition. However the rate
was approximately the same as with H,
at identical pressures, and our accuracy
was not sufficient to resolve the expected
differences of <2 between the isotopes.
We also attempted to search for lack of
equilibration of D and H in the hydrogen
decomposition products. These measure-
ments were frustrated by the rapid equi-
librium in the H, 4+ D, reaction on Pt.
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Fic. 10. Plot of log rr versus 7 in NH;-N; mix-
tures for values of Pxx, and Py, as indicated. Solid
curves are calculated from Eq. (12), and the upper
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partial pressures.
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{11), versus log Pn,. The slopes of these lines give
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NITROGEN INHIBITION

Recent investigators (3) have observed
no inhibition of the decomposition reaction
on Pt by N, although from our results it
appears that they had insufficient ac-
curacy or used temperatures and pressures
where Nj inhibition was small. Figure 10
shows the reaction rate at NH; pressures
af DR and 10 Tarr for PitrO

of 0.8 and 1.9 Torr for nitrogen p
indicated.

Assuming N, inhibition of the form of
Eq. (8), the pressure dependence of the
inhibition term is shown in Fig. 11. The
scatter is larger than for H, because
inhibition is smaller, but at the four tem-
peratures shown the

with a first-order dependence. The Arrhen-
ius plot of Ky versus 1/7T in Fig. 12 gives
a straight line, and from these figures we
obtain

data, are consistent

@IC COLISISTICOR

1.25 X 10—
X exp (12,600/RT)Py,.

KNPN’mN =
(11)

The curves shown in Fig. 10 are those

caleulated from Eqa. () with parameters
caicutaled irom Hg. () with parameters

from Egs. (5), (7), and (11).
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Fia. 12. Plot of log Ky versus 1/7. Slope and
intercept give the parameters in the nitrogen ad-
sorption constant as shown in Eq. (11).

DISCUSSION

It is of course difficult .to demonstrate
that any particular rate equation gives
the “best”’ fit to experimental data. How-
ever, our rate expression

(molecules)
rp | —m—m
cm? sec
= [9.87 X 10'8exp (—4300/RT)Pxn,]1/
[1 + 4.35 X 10~5 exp (16,700)/RT) Pxg,
+ 9.85 X 10-%exp (27,700/RT) Pg,}
+ 1.25 X 103 exp (12,600/RT)Px, ]
(12)
fits all of the data points in pure NH;
(Fig. 2) and in NH3/H, or NH3/N; mix-
tures (Figs. 6 and 9) to within a few percent.
This expression is valid over a factor of 10
in pressure, temperatures between 500
and 1700°K, rates varying by a factor of
10%, and hydrogen inhibition of the reaction

rate by a factor of 102 This expression is
certainly an adequate representation of
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the experimental results, although any
temperature dependences of pre-exponential
factors would be averaged in Arrhenius
plots. Also, the nitrogen inhibition is so
small that its pressure dependence is cer-
tainly not determined uniquely from these
experiments. However, it should be noted
that over the wide range of the experi-
mental variables, no systematic deviations
from the calculated curves at the extremes
of these variables are evident.

Kinetics and Mechanisms

Since this rate expression is a very
simple one and has the general Langmuir-
Hishelwood form, one might expect that
it is possible to use it to describe the rate
steps in the reaction and the dominant
adsorbed complexes. In this section we
shall consider several mechanisms which
can lead to the observed kinetics. However
we shall see that an expression of this
form is obtained only with rather restrictive
assumptions on coverages which may not
be reasonable for the wide range of tem-
perature and composition over which the
rate expression is valid.

The simplest rate formulation assumes
single rates and coverage-independent pa-
rameters. This approximation we shall
term LH kinetics, although we shall not
necessarily assume adsorption—desorption
equilibrium. Next in complexity, one al-
lows heats of adsorption to be functions
of coverage, and finally all parameters may
be considered to be dependent on densities
of all species. The former leads, with certain
site distribution functions, to Temkin-
Pyzhev kinetics (9). The latter has re-
ceived little attention, although clean
surface adsorption studies show that the
interaction between coadsorbed species is
frequently very complex. Because of the
simple form of Eq. (12), we infer that
mechanisms involving LH kinetics should
be adequate to explain the results. Temkin-
Pyzhev kinetics can give an expression of
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the above form in limiting cases, but the
observed simple orders would be only
coincidental.

While all models considered here have
been discussed in the literature in various
forms, all have used rather restrictive
assumptions (a high pressure of H,, high
or low temperatures, coverages of par-
ticular species rather very low or very high)
so that rate expressions should at best
be valid only over a limited region of com-
position and temperature. An additional
limitation arises when one attempts to
include the coverage dependence of stick-
ing coeflicients. If coverages are not as-
sumed to be small under all conditions,
then rate expressions are sensitive to the
coverage dependences of the sticking co-
efficients [s ~ 1 — 4, (1 — )2, precursor,
etc.] and to whether adsorption is com-
petitive or not. None of these parameters
is known for the adsorbates of interest
here, and one can only make assumptions
regarding them.

There are many possible surface com-
plexes including partially dissociated NH;
residues and species with N-N bonds.
Ignoring the latter, the steps in the reac-
tion probably are

NH;(g) = NH;(s) @ NH,(s) 2 NH(s) 2
N(s) @ Na(g). (13)

This sequence involves 12 rate constants,
unknown orders of desorption processes,
and coverage dependences of sticking co-
efficients. It is therefore impossible to as-
certain which steps are rate limiting and
which are in equilibrium from the general
sequence which gives these kinetics.

Rates at low H, pressures. In pure NH;
the data of Fig. 2 are fit very well by Eq.
(2). This expression is obtained for almost
any rate limiting steps in the limit of low
hydrogen and nitrogen coverages, and it
shows only that the rate step could not
be a bimolecular one such as r =~ kfxn,2
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Writing the reaction steps as

(1) NHi(g) ;"—* NH,(s),

) (14)
(2)  NH;(s) > $Na(g) + $Ha(g),
the rate of reaction is
Lkrka/(ka + kr)Pxu,] (15)

" 01+ ko/(ka + kr)Pym,]’

where k., k4, and kg are rate constants for
adsorption, desorption and reaction, re-
spectively. Step (2) in Eq. (14) represents
a sequence of steps which, in the absence
of surface hydrogen and nitrogen, is
irreversible. In both first- and zero-order
regimes, the observed rate constants ap-
parently have Arrhenius forms, but it is
not possible to distinguish whether k4 or
kg dominates in Eq. (15). If kg < k4, then
Kyxu, i1s a true adsorption—desorption
equilibrium constant for NH; while if
kq < kg, the rate constant at high tem-
perature is k, It is necessary to consider
finite hydrogen coverages to distinguish
between possible reversible and rate-limit-
ing steps in Eq. (13).

Reversible steps wnwolving hydrogen or
nitrogen. If the only adsorbed species are
H, N, and a single residue of NH;, termed
NH. with z an integer, then the steps in
the reaction may be written (17)

(1) NH;(g) @ NH.(s) + (3 — z)H(s)
(2) NH,(s) — N(s) + zH(s)

(3) 2H(s) 2 Ha(g)

(4) 2N (s) 2 Nq(g).

(16)

The rate of reaction is assumed to be
limited by the decomposition rate of this
species, step (2), to give
a7

rr = kofnwu,,

and the coverage of NH,, 0xg,, is obtained
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agsuming it to be in a steady state,

kaPxu,(1 — 0nu, — 0n)
= ka1Onu, 08" + k:0xg,,

with rate constants for adsorption and
desorption for steps j written as ki; and
kqj, respectively. The desorption kinetics
in reactions (1) and (2) have been written
as proportional to Onu 0u'* and Oxm, to
obtain analytical solutions, but the actual
orders of the processes are of course not
known. Equation (18) can be regarded as
arising from equilibrium in step (1) which
would be determined by stoichiometry.

Solution of Eq. (18) for #xu, yields a
reaction rate

(kska1/kar) Pxus(1 — 0n)

rR = .
: 1 + (kar/kar) Pxrs + (kay/ker)0u®—>
(19)

(18)

Assumption of equilibrium in hydrogen
adsorption and desorption with fnu, <1

vields P
o= [( 33/ d3) Ha] , (20)
1 4+ [(kas/kas) Pr, )}

and, with #x < 1, Eq. (17) becomes
koK nu,Pru,

TR = ’
kax
1 + KxnyPwu, + = (KyPy,) ®=12
2 (21)

Wlth KNH, = kal/kdl and KH = kga/kds.

Our data are consistent with this ex-
pression with z = 0, but this model must
be invalid for this case because step (2)
in Eq. (16) does not exist unless z > 0.
A further difficulty with this expression
is that it requires #x < 1 and, according
to Eq. (20), this is not valid at low tem-
peratures. For g ~ 1, the hydrogen term
in the denominator of Eq. (19) becomes in-
dependent of Pu, Also, the term 1 — 6x
of Eq. (19) is [1 + (kas/ka:Pm,)¥], s0
that Eq. (21) must be multiplied by this
term if 6gx is not small.
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Many investigators, following Winter
(17), have assumed that in the decomposi-
tion reaction on Fe the rate is limited by
the desorption of nitrogen atoms. For the
reaction steps

(1) NHs(g) & N(s) + 3H(s)

(2) 2H(s) 2 Ha(g)
(3) 2N(s) — Na(g)

(22)

a steady-state balance on nitrogen contain-
ing species and g < 1 yields

karPna,
TR = . (23)
kal kdl ku
1 + -— Pyn; + — — Pyt
kas as kas

This expression gives the observed NH; and
H,; pressure dependences only if in Eq.
(22-3) the rate of nitrogen desorption is
written as kq30n rather than as second order
which the stoichiometry would suggest.
Also, nitrogen is known to adsorb only
weakly if at all on Pt and other fce metals
(18), and this implies that nitrogen desorp-
tion may be fast.

We thus have two mechanisms which can
give the observed rate expression, although
only the second, Eq. (22), is consistent
with the assumptions used in its derivation.
It is easy to modify the assumptions used
above, for example, by changing the orders
with respect to coverages in adsorption,
desorption and reaction steps, but these
usually give quadratic or cubic equations
which must be solved to obtain coverages
explicitly.

We have also considered a number of
additional approximations on equilibrium
and rate-limiting steps and various site-
blocking models, but we have been unable
to find rate expressions which are consist-
ent with the experimental rate expression.
We have also tested several other rate ex-
pressions but found systematic deviations
from the data in various ranges of T, P, or
composition.
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We conclude from these models that re-
action kinetics using single states and con-
stant parameters are capable of describing
the kinetics quantitatively in that only one
term in the numerator is necessary, orders
are integral or rational fractions, and co-
efficients of pressures have Arrhenius tem-
perature dependences. In fact, these models
are only slight variations of basically the
same process, Eq. (13). However, although
these results appear to eliminate several
reaction mechanisms, we hestiate to in-
terpret agreement with a particular rate
expression as proof that any particular
mechanism is operative.

One important conclusion from the quan-
titative agreement with this simple expres-
sion is that kinetics of reactions can be
described accurately without resorting to
interpretations using variable heats of ad-
sorption or site distributions, If such effects
exist they do not affect the rate expression
by more than 209, although these may be
included as averages in fitting to the ex-
perimental data. In this regard it should be
noted that reaction rates are sensitive to
particular parameters only in limited ranges
of variables. As examples, the activation
energy of Ku, is measured only at low
temperatures and high H, pressures, kg is
measured only at low temperatures and
low H, pressures, and krKgn, 1s measured
only at high temperatures and low H, pres-
sures. From the latter two conditions, kg
could probably be different at low and high
temperatures and straight lines in Arrhenius
plots could still be obtained.

Reaction Probability and Adsorption
Parameters

The probability of reaction of an incident
NH; molecule,
Pr = ”'R/ﬂ\lX = 7'R(21rMRTg)§/PNHx, (24)

is shown in Fig. 13 for the NH; and H,
pressures indicated. Curves shown are ob-
tained from the rate equation, although
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individual data points do not deviate signif-
icantly from the curves. At high tempera-
tures (T > 1000°K in pure NH; and
1400°K with H,), the reaction probability
is independent of pressure or composition
and varies between 2 X 1073 at 1100°K and
3.5 X 107% at 1700°K. Hydrogen inhibition
at low temperatures, with equal pressures
of NH; and H,, is seen to reduce the reac-
tion probability by a factor of ~100 or to
increase the temperature necessary for a
given probability by ~200°K.

If the denominator terms in the rate of
Eq. 8 are interpreted as adsorption-desorp-
tion equilibrium constants, then for local-
ized adsorption of a nondissociated species

KA — KerEdA/RT

So

= EaAIRT (25)
vo Ve MRT,)}
and for a dissociated species
Ka = KopeEdalRT
So
— ¢BaAIRT, (26)
vaoOneRrMRT,)}

In these expressions s, is the zero coverage
sticking coefficient, », is the desorption
pre-exponential factor, and nq is the satura-
tion density.

The pre-exponential factor for nondis-
sociative adsorption is

Koa® ~ 10%(sy/vae®)Torr™, (27)

and, if »4o") = vy, a vibrational frequency,
one obtains Kga =~ 10~ Torr! for s, = 1
and vy = 102 sec™’. For NH,;, Eq. (12)
gives Konn, = 4 X 10~% Torr! and Einn,
=16,800 kecal/mol, in reasonable agree-
ment with the calculated value of the pre-
exponential factor and estimates of the
heat of adsorption of NH; (18). For N the
fit was attained for nondissociative adsorp-
tion. The value of K,y is above the calcu-
lated value by a factor of 103, and the heat
of adsorption, 12,600 cal/mol, is reasonable
for weak chemisorption.
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Fig. 13. Plot of reaction probability versus T
for NH, and H, pressures indicated. Above 1000°K
the probability is ~3-4 X 1073, but at lower tem-
peratures it is strongly dependent on Pym, and Pg,.

For a dissociated species the adsorption—
desorption equilibrium constant, defined as
in Eq. (20), is

So

Kia® =
vo®no(2rMRT)}

3o
~ 108

(Torr-1). (28)

Vo( No

The desorption pre-exponential factor »o®
should be ~10~2 ¢m?/molecule sec™ for
localized adsorption (19), and with s, =1
and n = 10" molecules cm—2 one obtains
Koa ~ 1077 Torr . Associating the hydro-
gen term in Eq. (12) with (Kg*Pg?)? we
predict Koa = 3.1 X 10~¢ and obtain a heat
of adsorption of % X 27,700 = 18,500 cal
mol™, The situation for hydrogen is, how-
ever, far from obvious because in many of
the possible mechanisms of hydrogen in-
hibition the denominator term containing
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Py, is not associated simply with a hy-
drogen adsorption—desorption equilibrium
constant.

We conclude that our experimental
parameters are in satisfactory agreement
with calculated pre-exponential factors and
experimental heats of adsorption. The
major uncertainties in these comparisons
are probably in the theoretical quantities.
In kinetic derivations one must assume
values of »y and s, and in statistical
mechanical derivations (20) even less is
known about partition functions for vibra-
tion, translation, and rotation.

Comparison with Previous Results

As indicated in Table 1, our results are
in remarkably good agreement with most
previous experimental studies of NH; de-
composition on polycrystalline Pt. How-
ever, all of these measured rates at only
restricted pressures (Apel’baum and Tem-
kin (3) used only 0.011 Torr) and all de-
scribed problems with reproducibility which
they attributed to contamination. Further,
most experiments were in batch reactors
with increasing hydrogen partial pressures
as the reaction proceeded; consequently at
low temperatures essentially all data were
obtained in the presence of large hydrogen
inhibition.

Robertson and Willhoft (7) made mea-
surements in “high vacuum” (Pyg, ~ 10~*
Torr) and in “ultrahigh vacuum” (Pyg, ~
10-7 Torr), and their high temperature
results agree very well with ours, although
they reported only reaction probabilities
rather than the dependence on pressures
and gave major emphasis to activation and
deactivation processes. Agreement implies
that at high temperature a single rate ex-
pression describes the reaction between
107 and 20 Torr, a range of over 10 in
reactant pressure.

Apel’baum and Temkin (3) display
their data mainly in tables, and our rate
expression fits their conversion versus time
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TABLE 1
Comparison of Reaction Rate Parameters
Conditions Investigators E MNH, mu Reaction Pressure
(kcal/mol) probability (Torr)
at 1200°K
High T (mg =~ 0) Present work 4.3 0.99 & 0.05 — 3.3 X 10~ 0.01-20
Apel’baum and
Temkin (3) 5.1 1 — 3.5 X 1073 0.0115
Robertson and
Willhoft (?) 4.1 — —_ 8.9 X 10~ ~10™
Robertson and
Wilihoft (7) 4.1 — — 3.5 X103 ~1077
Low T, low pg, Present work 21.1 0.0 — — 0.015-20
Robertson and
Willhoft (7) 17-23 — — — 10~
Robertson and
Willhoft (7) 50-60 — — — 1077
Low T, high pg, Present work 32.1 1.0 —-1.5+£03 — 0.05-2.6
Apel’baum and
Temkin (3) 49.3 1.46 —2.19 — 0.0115
Dixon (8) 40 — — — 769
Melton and
Emmet (10) 52 1 -1 — 0.005-0.015

results at low temperatures moderately
well (within a factor of 10 or with tempera-
ture differences of <100° for identical
rates). Although our data do not agree with
their low temperature rate expression, the
two sets of data appear to be generally
consistent.

SUMMARY

We have measured NH; decomposition
rates with a precision comparable to that
usually attained in homogeneous kinetics
and over a range of variables limited only
by the vaporization of Pt and mass transfer
limitations. These rate measurements may
therefore be regarded as essentially ‘‘com-
plete’” in the sense that significant improve-
ments in measurement techniques (from
the present 109, to perhaps +19,) re-
quire a sophistication which would be very
difficult to achieve and the only kinetic
variables not covered are extension to
lower pressures and temperatures where no
significant changes are anticipated.

All of these results can be correlated with
a single rate expression of the LH form,
and this demonstrates that it is not neces-
sary to invoke surface heterogeneities on
coverage-dependent parameters to fit the
rate quantitatively. However, while the
data clearly show that certain mechanisms
are not operative (Temkin-Pyzhev kinetics
or a second desorption process, for ex-
ample), it is still not possible to desecribe
unequivocally the steps in the reaction or
to show that the assumed rate expression
gives a unique fit to the data. Additional
theoretical and experimental considerations
of the adsorption and reaction processes
are needed to compare experimental rate
parameters with the microscopic variables.

Crystallographic and binding-state aver-
aging may obscure the details of the re-
action steps on a polycrystalline surface,
although not in an obvious fashion. Experi-
ments are in progress to examine rates on
single crystal planes and in ultrahigh vac-
uum where surface coverages may be
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measured directly. However we find that
such effects are evident mainly as differ-
ences in reaction rates between crystal
planes, at least for this rather simple
reaction.

More complete description of reaction
mechanisms will probably not be attainable
through more extensive kinetic measure-
ments but rather through additional, per-
haps spectroscopic, methods of characteriz-
ing surface species present under reaction
conditions,
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