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there will be no more |

hell never say [ any more

he Ul never say anything any more
he won 't talk to anyone

no one will talk to him

he won 't talk to himself

he won t think any more

hell goon

I'll be inside

he ll come to a place and drop
drop and sleep

badly because of me

hell get up and go on

badly because of me

he can 't stay still any more
because of me

he can 't go on any maore
because of me

there s nothing left in his head
Il feed it all it needs

S. Beckett
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Abstract

The design and operation of a versatile microreactor capable of studying the
rates of both steady-state and batch heterogeneous reactions on a wire, a foil or
a single crystalline surface at pressures between 1077 and 1000 Torr are
described. The residence time distribution of the microreactor was character-
ized in order to evaluate the validity of using the continuous stirred tank reac-

tor approximation to calculate reaction rates.

Absolute reaction rates (i.e. the rate-per-unit catalyst surface area) have
been measured for both the catalytic decomposition of NHs and ND3 and the
NHj3 + D; exchange reaction over a polycrystalline platinum wire. The pressure
was varied between 5 x 1077 and 0.5 Torr, and the temperature ranged from 400
to 1200 K. At relatively low pressures and/or high temperatures, the order of
the decomposition reaction is unity with respect to ammonia, and the reaction
rate is dictated by a competition between the surface reaction and the desorp-
tion of molecularly adsorbed ammonia. Under these conditions a primary iso-
tope effect was observed for the decomposition of NDs. At relatively high pres-
sures and/or low temperatures, the reaction rate is independent of ammonia
pressure, and the recombinative desorption of nitrogen controls the rate of
ammonia decomposition. The measured kinetics of the NHg + Dg exchange reac-
tion were employed together with adsorption-desorption parameters of NHs, Nz
and Hy to develop a mechanistic model that describes the reaction rate over

the entire (wide) range of conditions studied.

Steady-state absolute reaction rates are reported also for the catalytic
decomposition of NHs on the Pt(110)-(1xR) single crystalline surface at pres-
sures between 1 x 1078 and 2.6 x 107® Torr and at temperatures between 400 and

1000 K. Qualitatively, the kinetics is similar to those observed for ammonia



decomposition on the polycrystalline platinum surface. Thermal desorption
measurements conducted during the steady-state decomposition reaction
demonstrate directly that nitrogen adatoms are the predominant surface
species, and that the recombinative desorption of nitrogen is the major elemen-

tary reaction that produces molecular nitrogen.

The decomposition of CH43COOH at 7 x 107 Torr on a polycrystalline plati-
num wire at temperatures between 300 and 900 K was examined in the
microreactor. The major reaction products on the initially clean surface are
13C0, CO, 13C0O,, H; and adsorbed carbon-12. The adsorbed carbon accumulates
on the surface until the reactions that produce these products are poisoned by
the graphitic overlayer that is formed. On the graphitized platinum surface,
acetic acid dehydrates catalytically to ketene and water. The relative quantities
of '3CO and '3COj; that are formed depend both on the surface temperature and

on the surface carbon coverage.

The catalytic dehydration of acetic acid to ketene was investigated over a gra-
phitized polycrystalline platinum surface at pressures between 8 x 1077 and 7 x
107 Torr and temperatures between 500 and 800 K. Steady-state absolute reac-
tion rates, thermal desorption measurements, and the reactivities of function-
ally related compounds suggest that the reaction proceeds via an irreversibly
adsorbed intermediate,which is formed by dissociation of the oxygen-hydrogen
bond of acetic acid. For temperatures below 540 K at pressures of 3.5 x 107™*
Torr and above, the rate of decomposition of the surface intermediate controls
the overall rate of the reaction. At 875 K or above for the entire range of pres-
sures studied, the rate of dehydration is determined by a competition between
the rates of desorption and surface reaction of molecularly adsorbed acetic

acid.
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Chapter 1.

Introduction



Heterogeneous catalytic reactions are of major importance to almost all seg-
ments of the national economy. While heterogeneous catalysis has traditionally
been considered an empirical science, recently detailed information concerning
the elementary reactions that occur in a number of overall heterogeneous cata-
lytic processes has become available including, for example, the oxidation of
both carbon monoxide and hydrogen (1), and the methanation reaction (2).
This information has been obtained through the utilization of a variety of
modern surface-science techniques that. permit the use of both well-defined
catalytic surfaces and reaction conditions. Thus, for several technologically
important catalytic systems, there is a substantial body of knowledge regarding
the elementary processes of adsorption, surface reactions and desorption (1).
However, the vast majority of this information has been obtained under
ultrahigh vacuum conditions, and often only a single step of an overall reaction
is studied. The application of this extensive knowledge obtained at low pres-
sures, <1078 Torr, to the understanding of commercial catalytic reactions that
occur at considerably higher pressures, 31 atm, would represent a significant

step toward establishing heterogeneous catalysis as a fundamental science.

Utilizing data obtained at low pressures, a fundamental understanding has
begun to emerge for both the oxidation of carbon monoxide over platinum sur-
faces (1) and the methanation reaction over nickel surfaces (2). On the basis of
coadsorption studies of carbon monoxide and oxygen adatoms, different kinetic
regimes for the production of carbon dioxide have been identified. These
regimes are related to the surface coverage of both carbon monoxide and oxy-
gen adatoms. When the surface coverage of carbon monoxide is high, the overall
rate of reaction is approximately proportional to the ratio, rather than the sum,
of the partial pressures of oxygen and carbon monoxide. Under these condi-

tions, therefore, the application of data obtained at low pressures to
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considerably higher pressures is relatively straightforward. Indeed, similar
absolute reaction rates have been measured over seven orders of magnitude of
total pressure when the partial pressure ratio is maintained at a constant value.
Similar results have been obtained for the oxidation of hydrogen on platinum

surfaces (1).

Measurements of the rates of methane formation from the hydrogenation of
carbon monoxide over the Ni(100) surface have been analyzed together with the
rate of surface carbide formation via the Boudart disproportionation reaction
and the rate of carbide hydrogenation (2). This analysis has led to the conclu-
sion that the rate of methane formation from carbon monoxide and hydrogen is
determined by a competition between carbide formation and hydrogenation.
Consistent with this proposal, the rate of methanation has been demonstrated
to be a monotonic function of the surface carbide concentration regardless of

the total pressure or partial pressure ratio of hydrogen to carbon monoxide.

The reliable application of the knowledge obtained from surface-science
measurements requires addressing several questions which accompany varia-
tions in pressure from ultrahigh vacuum to those employed commercially. For
example, the elementary reactions of adsorption and desorption have been stu-
died for many catalytically interesting systems (1,2). The question arises, how-
ever, concerning the relevance of this information obtained at low pressures to
a catalytic process occurring at much higher pressures. One approach that
has been fruitful in answering this and similar questions is to obtain kinetic
data over a wide range of conditions at pressures between ultrahigh vacuum and
several atmospheres. These data illustrate what mechanistic changes occur as
the pressure is varied and thereby reveal the applicability of data obtained
independently to understand reaction mechanisms under conditions of com-

mercial interest.
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Several experimental systems have been designed to measure the kinetics of
heterogeneous catalytic reactions at pressures between 108 Torr and several
atmospheres (3-6). In Chapter 2 of this thesis, a microreactor is described,
which was designed specifically to measure both steady-state and batch reac-
tions on a variety of catalytic surfaces at pressures between approximately 1077
and 1000 Torr. This microreactor has been used to study the interaction of
ammonia with a polycrystalline platinum wire, as described in Chapter 3, and to
study the decomposition of acetic acid on both a clean and a graphitized plati-

num surface, as described in Chapters 5 and 6.

The approach outlined above has been implemented in Chapter 3 to develop a
mechanistic model for both the decomposition of ammonia and the NHs + Ds
exchange reaction on platinum. Absolute reaction rates have been obtained for
these reactions at total pressures from 5 x 1077 to 0.5 Torr and at temperatures
between 400 and 1200 K. The absolute rates have been used together with
independently measured data concerning the adsorption-desorption parameters
of NHs, Nz and H; as well as reaction intermediates NH and NH; to develop a
mechanistic model that describes the reaction rates over the complete range
of conditions studied. The success of this model attests to the utility of the
approach described above, namely, analyzing kinetic data obtained over a wide
range of experimental conditions by using kinetic parameters determined

independently from ultrahigh vacuum measurements.

The steady-state decomposition of ammonia has also been studied on the sin-
gle crystalline Pt(110)-(1x2) surface, and this is described in Chapter 4.
Although the accessible pressure range in these experiments was restricted to
<5 x 107® Torr, the composition of the surface and the rate parameters for the
desorption of the product nitrogen have been determined during the steady-

state decomposition reaction. Specifically, the rate parameters for the
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desorption of nitrogen measured during the steady-state reaction agree well
with the rate parameters for nitrogen desorption determined independently in
the absence of the steady-state decomposition reaction. This result substan-
tiates further the tenet that independently measured rate parameters may be

used to understand an overall catalytic reaction.

The decomposition of 3C-labeled acetic acid (CHs'3COOH) over a polycrystal-
line platinum wire has been examined in the microreactor and is described in
Chapters 5 and 6. For an initially clean platinum surface, !3CO, CO, '3CO;, H,
and adsorbed carbon -12 are the major reaction products. The relative quanti-
ties of 3CO and !3CO; produced depend on both the surface temperature and
the fractional surface coverage of carbon. Eventually, the adsorbed carbon
poisons completely the reactions that produce these products. At this time,
approximately one monolayer of graphitic carbon is present on the platinum
surface. On this graphitized surface, acetic acid is dehydrated catalytically at

steady-state to ketene and water.
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Chapter 2.
Versatile Microreactor for Studies of

Gas-Surface Catalytic Reactions between 1077 and 1000 Torr

[Chapter 2 consists of an article coauthored with W. Tsai and W. H. Weinberg,
which appeared in the Review of Scientific Instruments 56, 1439 (1985).]
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Versatile microreactor for studies of gas-surface catalytic reactions

between 10~7 and 1000 Torr
J.J. Vajo, W. Tsai, and W. H. Weinberg

Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena,

California 91125

(Received 27 December 1984; accepted for publication 27 March 1985)

A microreactor system that is designed for studies of steady-state and batch heterogeneous
reactions on a wire, foil, or single-crystal surface at pressures between 107 and 1000 Torr is
described. The applicability of the continuous stirred tank reactor approximation that facilitates
the calculation of absolute reaction rates is discussed. Results for the decomposition of ammonia
on a polycrystalline platinum wire are used to illustrate the performance of the microreactor.

INTRODUCTION

Modern surface—science techniques have increased tremen-
dously our understanding of the elementary steps associated
with adsorption, desorption, and catalytic reactions occur-
ring at solid surfaces. It is obviously desirable to be able to
apply this extensive knowledge obtained at low pressures,
10~1°-10~¢ Torr, to clarify the kinetic and mechanistic de-
tails of commercial catalytic reactions that occur at consid-
erably higher pressures, typically 1-100 atmospheres. To ap-
ply this knowledge reliably requires a delineation of the
mechanistic changes that accompany variations in pressure
from ultrahigh vacuum to those employed commercially.
Moreover, increasing the accessible pressure regime for
which accurate kinetic data may be obtained increases the
likelihood of interpreting the measured rate data mechanis-
tically in terms of elementary reactions.

Recently, there have been several investigations of cata-
lytically important reactions at pressures between 102 Torr
and several atmospheres.'-!! Here, a microreactor is de-
scribed that is capable of steady-state flow and batch hetero-
geneous reactions on a wire, foil, or single-crystal surface at
pressures between 10~7 and 1000 Torr. In particular, the
performance of this reactor is illustrated by considering the
decomposition of ammonia over a polycrystalline platinum

wire. 2

1. REACTOR DESIGN AND OPERATION

The reactor consists of a high-vacuum section, a small
reaction volume, and a sample manipulator, which is used to
position the catalyst either in the high-vacuum region or in
the reactor volume for experiments in different pressure re-
gimes. Adapted from a design of Auerbach et a/.,'> the ma-
nipulator is comprised of a doubly differentially pumped
housing, a shaft, which supports the catalyst sample, and
three spring-loaded Teflon O-rings, which allow the shaft to
be translated and rotated. A schematic « f the manipulator is
shown in Fig. 1. The housing is a stainless-steei tube that
contains the O-rings and is welded to a 2j-in. flange for at-
tachment to the reactor body. Two stainless-steel rings sepa-
rate the O-rings and align them with two 0.46-cm pump-out
ports. A removable top plate secures the O-rings in the hous-
ing. The first port is pumped by a mechanical pump, whereas
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the second port is pumped by a Varian 2-in. diffusion pump
with a chilled water-cooled baffle.

A mini-feedthrough (Ceramaseal 807B9299-2) welded
to a stainless-steel tube comprises the manipulator shaft.
This shaft provides support for the crystal, wire, or foil via
two 0.24-cm OFHC copper wires, which are also used to
heat the sample. Cooling is achieved by filling the hollow
shaft with liquid nitrogen. Temperatures are measured with
a 0.0075-cm-diameter W-5% Re/W-26% Re thermocou-
ple, which is spot welded to the sample. Spring-loaded Tef-
lon O-rings (Accratronics AR10400-206AC) are used to
form a seal between the shaft and the manipulator housing.
The shaft can be translated and rotated while maintaining a
seal. All sealing surfaces are machined to obtain an optimum
metal-to-Teflon seal.

Leakage past the O-rings and the degree to which the
base pressure in the system is limited by this leakage may be
calculated as follows. The pressure before a seal, P, is relat-
ed to the pressure after the seal, P,, by

P,L=SP,, (1)

where L is the leak rate of the seal, and S is the speed at which
gases are pumped away. The leak rate of a 14-in.-diameter

seal is stated by Auerbach et al.'® to be 10~ I/s. This corre-

Monipulator
Handle
) Manipulotor
Steel Spacer Shaft
Rings
Pumpout Teflon O-Rings
Ports
—
S ——

\" [®———Main Reaction
\— Chomber

F1G. 1. Cross section of double differentially pumped sample manipulator.

3cm
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F1G. 2. Cross section of microreactor body, showing the wire in position for
experiments at both 10~*-1000 Torr and < 10~’-10"* Torr. Ports for
pressure measurement and the leak to the high-vacuum section, which are
orthogonal to the inlet and outlet flow ports, are not shown. The volume of
the baratron and the access ports, together with the shaded region, is the
reactor volume, 30 cm®.

sponds to 3.6 X 10~ I/s for a }-in.-diameter seal. Assuming
atmospheric pressure before the first seal and a pumping
speed of 10~ 1/s (certainly a lower limit), the pressure in the
first section should be 2.7 10~2 Torr. Assuming the same
pumping speeds in the second section and main reactor body
results in a base pressure in the main chamber due to leakage
that is below 3.5 10~ " Torr. Since this is below current
limitations due to other factors, seal leakage does not limit
the base pressure of the microreactor.

The main chamber of the microreactor consists of a
modified right-angle ultrahigh-vacuum valve linked to a
high-vacuum pumping section, as shown in Fig. 2. To in-
crease the ratio of the catalytic surface area to the total gas
volume and, consequently, increase the sensitivity, the port
opposite the bellows was replaced with a tube of 13/16-in.
internal diameter. This diameter is sufficiently large to ac-
commodate the manipulator shaft and results in a reactor
volume of 10 cm®. Surfaces that are exposed to high pres-
sures are plated with 7.5x 10~ in. of gold to suppress any
reaction from occurring on the chamber walls.

Four ports of {3-in. internal diameter, spaced 90" apart,
provide for flow of reactant gases, pressure measurement,
and detection of reaction products. The flow of gases is regu-
lated by metering valves on the inlet and outlet flow lines.
Flow rates can be varied from 0.1 to 100 cm®/s by adjusting
the calibrated inlet and outlet valves and the gas pressure
behind the inlet valve. Mean residence times in the reactor
under these conditions are adjustable between 0.1 and 10 s.
Pressures are measured with MKS baratron gauges with
sensitivities between either 10~ and 1 Torr, 10~2 and 100
Torr, or 10~ and 1000 Torr, depending on the pressure at
which the experiments are conducted. The additional vol-
ume of the baratron, together with the access ports, increases
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the total reactor volume to 30 cm®. Products are detected by
a computer-interfaced EAI 1200 quadrupole mass
spectrometer located in the high-vacuum section. Inter-
changeable pieces of Pyrex tubing with variable conduc-
tances provide a leak from the reactor to the high-vacuum
section. The conductance of the Pyrex tubing is chosen to
maintain a pressure of ~ 10~° Torr at the mass spectrom-
eter during a reaction. Cajon Ultra-Torr fittings are used to
facilitate exchange of the Pyrex tubes. The base pressure of
the micro-reactor, as it is currently pumped by a liquid-ni-
trogen-trapped Varian 2-in. diffusion pump, is below 1078
Torr.

An advantage of the compact design of this microreac-
tor is the high sensitivity for reactions occurring over low
area solids. A concomitant disadvantage, however, is that
the surface cannot be examined spectroscopically either be-
fore, during, or after the catalytic reaction. Hence, a cleaning
procedure for the particular surface under investigation
must be formulated in a separate apparatus that does have
such spectroscopic capabilities. An indication of the cleanli-
ness of the surface may be ascertained /n situ in the reactor
via the thermal desorption spectra of probe molecules, e.g.,
hydrogen and carbon monoxide.

To conduct steady-state reactions between 0.01 and
1000 Torr, the sample is sealed in the reactor chamber, and
the outflow of gases is pumped by a 75-/min mechanical
pump. A Pyrex tube provides the leak to the high-vacuum
section. (For example, a 0.5-cm length of 0.0075-cm-i.d. tub-
ing is used for reactions at 0.5 Torr.) For reactions at pres-
sures between 10™* and 102 Torr, the inlet metering valve
is replaced by a 0.5-cm length, 0.008-cm-i.d. capillary tube
to restrict inlet flow, and the outlet to the mechanical pump
is sealed. The leak to the high-vacuum section is replaced
with a tube of 0.46 cm i.d. which, in addition to providing a
leak for product detection, provides for the outflow of gases
pumped by the diffusion pump. Experiments at pressures

between 10~7 and 10~ Torr are conducted by opening the
UHYV right-angle valve and translating the catalyst directly
into the high-vacuum section, as illustrated in Fig. 2. Batch
reactions may also be performed by simply filling the reac-
tion volume to the appropriate pressure and sealing the inlet
and outlet flow lines. The leak to the mass spectrometer al-
lows continuous monitoring of the accumulation of reaction
products as a function of time.

To determine absolute reaction rates, the mass
spectrometer is calibrated by flowing mixtures of products
and reactants corresponding to different conversions
through the reactor without a catalyst. Reaction rates are
calculated under steady-state conditions at conversions be-
low 10% using the continuous stirred tank reactor (CSTR)
equation“"’

vV

R f“_k,;':(P i — Py), ()
where R is the reaction rate (molecules/cm? s), ¥'is the reac-
tor volume, 7 is the average residence time assuming CSTR
conditions, k is the Boltzmann constant, T, is the gas tem-
perature, and P; and P, are the partial pressures in the reac-
tor associated with the feed and with the steady-state reac-
tion mixture, respectively. Average residence times are

Versatile microreactor
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FIG. 3. Input function and output response for an approximate step function
input of argon with nitrogen as a carrier gas at a pressure of 0.2 Torr. The
average residence time for these conditions, determined using Eq. (4), is
1.42s.

determined by filling the reactor with the outlet valve closed
and monitoring the pressure rise as a function of time. As-
suming that the gas obeys the ideal gas law and that at any
time the pressure is constant throughout the reactor, the
mass flow rate of gas into the reactor is given by

dn__v_dp

dt kT, dt’
where 7 is the number of molecules and P is the reactor
pressure. The average residence time for steady-state flow
under CSTR conditions at a pressure P, may be expressed
asxs

(3)

o P T
dn/dt dP/dtp_,,
The validity of assuming a CSTR model for the reactor has
been investigated by a series of step response experiments,
which are described and discussed in the next section.

4)

Il. CSTR APPROXIMATION

Although continuous stirred tank conditions are fre-
quently assumed for experimeats in steady-state flow reac-
tors,'®'? the validity of the CSTR approximation has not
been examined directly in these studies. The CSTR assump-
tion i8 inaccurate when the reactor has an appreciable vol-
ume, which allows back-mixing, and when there are dead
volumes where mixing occurs inefficiently. The microreac-
tor described here has been designed to minimize these unde-
sirable effects. To examine the validity of the CSTR approxi-
mation, a series of experiments has been conducted to char-
acterize the response of the microreactor. A
computer-controlled solenoid valve was used to generate ap-
proximate step function inputs of argon into the reactor with
nitrogen as a carrier gas. The response of the reactor was
monitored as a function of time using the mass spectrometer.
Typical input and response data are shown in Fig. 3 for a
pressure of 0.2 Torr. The input function was measured di-
rectly at the inlet stream via a bypass from the microreactor.

Using the response data, the residence time distribution
(RTD)R (t ) may be calculated. Here, R (¢ )d?is the fraction of
effluent with a residence time in the reactor that is between ¢

1441 Rev. Scl. instrum., Vol. 58, No. 7, July 1968

and ¢ + dt. If the CSTR approximation is applicable, the
experimentally determined RTD will resemble the RTD for
a CSTR. The RTD for a CSTR may be written as'*

1 —t
R(z) —FeXP( = ) (5)
where 7 is calculated from Eq. (4). In general, the actual
RTD may be obtained from experimental response data by
deconvoluting the linear response equation®

Couslt) = f: Conlt — R ('), (6)

where C,, (t) and C,,, (t ) are the concentrations of species en-
tering and leaving the reactor, respectively. Various meth-
ods, including numerical integration and Fourier transfor-
mation, were used to compute R (¢ ) from Eq. (6) for the data
shown in Fig. 3. The result appears to be independent of the
method employed, and the computed RTD is shown in Fig.
4. Also shown in Fig. 4 is the RTD for the CSTR model.
Under these flow conditions, 7 = 1.42 s was calculated us-
ing Eq. (4).

The CSTR approximation may be evaluated quantita-
tively by comparing the predicted average conversions based
on the CSTR model and the actual RTD. For an arbitrary
RTD, the average conversion may be expressed as'*

i=f x(t')R (¢t)dt’, (7

0

where x{t ) is the integrated rate equation for a batch reac-

tion. Assuming first-order kinetics, x(z ) may be written as
x(t)=1—exp{ — kt), (8)

where k is the reaction-rate coefficient. This expression sim-
plifies at low conversions, where k¢ < 1, to

x(t) = kt. (9)
Substituting Eq. (9) into Eq. (7) yields

i=kr:'k(:')d:'. (10)
From Eq. {ll())) the average residence time may be defined as

TEJ;’I’R(t')dt’, (11)

Residence Time Drstribution
T T

o o Measured RI(t)
2 — CSTR R(1) 4

Time, s

FIG. 4. Residence time distributions determined both experimentally from
the data shown in Fig. 3 and computed assuming an ideal CSTR condition
with 74 = 1.42s.

Versatile microreactor
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Ammonia Decomposition Kinetics
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FIG. 5. Arrhenius plots of the rate of ammonia decomposition on platinum
for ammonia pressures of 0.5, 0.2, 2X 1072 1x 1073, 2x107¢, 1 x 10~
and 5X 10~ Torr. Lines have been drawn through the data points as a
visual aid.

assuming that R (¢) is a normalized RTD. Thus, the average
conversion for an arbitrary RTD and first-order kinetics at
low conversions is

% =kr. (12)

Substituting Eq. (5) into Eq. (7) yields the following expres-
sion for the average conversion of a CSTR

&4 =k, (13)

Consequently, comparing 7 and ¢ determines quantitative-
ly the error introduced by assuming ideal CSTR conditions.
Using the RTD shown in Fig. 4, 7 computed from Eq. (11) is
1.47 s. Comparing this value to ¢ = 1.42 s indicates that
under these conditions, the CSTR approximation is accurate
to within 4% and hence may be used to compute absolute
reaction rates. A similar result has been obtained for a range
of flow rates at pressures between 0.1 and 10 Torr. For pres-
sures below 0.1 Torr, the increased mean-free path of the gas
molecules will improve agreement with the CSTR approxi-
mation, whereas for pressures above 10 Torr, further mea-
surements would be necessary to examine the CSTR approx-
imation.

ill. REACTOR PERFORMANCE

Absolute reaction rates determined for the decomposi-
tion of ammonia at steady state over a polycrystalline plati-
num wire are shown in Fig. 5. The production of nitrogen

1442  Rev. Sci. instrum., Vol. 58, No. 7, July 1985

was monitored mass spectrometrically, and Pronu , inEq.(2)
was determined from the overall reaction stoichiometry.
Residence times were ~ 1.5 and 0.1 s for decomposition
rates measured at pressures above 1x 10~ Torr and below
2 107° Torr, respectively. The range of observable rates,
which already spans 7 orders of magnitude, may be extended
further by increasing the residence time and by using a batch
mode.?! for the data of Fig. 5, average conversions were be-
low 5%, except for temperatures above 800 K at pressures of
1 X 1073 and 2 X 10~ Torr, where average conversions were
<15%. The observed kinetics suggest, however, that even
for these rather high conversions, Eq. (9) remains applicable.
This and other aspects of the decomposition kinetics dis-
played in Fig. 5 are discussed in detail elsewhere.'?
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Mechanistic Detalis of the Heterogeneous Decomposition of Ammonia on Platinum

J. J. Vajo, W. Tsai, and W, H. Weinberg®

Division of Chemistry and Chemical Engineering, California Institute of Technology,
Pasadena, California 91125 (Received: December 26, 1984)

Absolute reaction rates have been measured for the catalytic decomposition of NH; and ND, and for the NH; + D, exchange
reaction over a polycrystalline platinum wire at pressures between 5 X 1077 and 0.5 torr and temperatures between 400 and
1200 K in a continuous flow microreactor. At relatively low pressures and/or high temperatures, a primary isotope effect
was observed for the decomposition of ND,, indicating that a surface reaction involving N-H bond cleavage is the rate-limiting
step. Under these conditions, the order of the decomposition reaction is unity with respect to ammonia pressure with an
apparent activation energy of 4.2 kcal/mol. As coverages increase, corresponding to relatively high pressures and/or low
temperatures, the order of the decomposition reaction is zero with respect to ammonia, and the reaction rate becomes controlled
by nitrogen desorption. In this case the apparent activation energy of the decomposition reaction is 22 kcal/mol. The kinetics
of the NH; + D, exchange reaction have been used, together with data concerning the adsorption—desorption parameters
of NH;, H,, and N, as well as the reaction intermediates NH and NH,, to develop a mechanistic model which describes
the reaction rate over a wide range of experimental conditions and which includes the energetics of each intermediate step
in the decomposition reaction. This model is discussed in terms of a potential energy diagram for ammonia decomposition

on platinum.
1. Introduction drogen. Although the decomposition reaction on platinum surfaces
Interest in the catalytic decomposition of ammonia on tran- has been examined extensively,'”” a detailed mechanism which
sition-metal surfaces has been motivated by its relative simplicity
as a heterogeneous reaction and by its relationship, via microscopic (1) Laffler, D. G.; Schmidt, L. D. J. Catal. 1976, 41, 440.
reversibility, to the synthesis of ammonia from nitrogen and hy- (2) Laffler, D. G.; Schmidt, L. D. Surf. Sci. 1976, 59, 195.

0022-3654/85/2089-3243$01.50/0 © 1985 American Chemical Society
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describes the reaction rate over a wide range of experimental
conditions and which includes the energetics of individual reaction
steps remains unformulated. Ldffler and Schmidt have studied
the decomposition kinetics on a platinum wire in a steady-state
flow reactor with the ammonia pressure varying from 0.015 to
10.5 torr.! In the temperature range between 600 and 1700 K,
they were able to fit their data accurately with a single Lang-
muir-Hinshelwood rate expression. However, the Langmuir-
Hinshelwood rate expression provided no microscopic information
concerning the individual, elementary reaction steps, and the lack
of kinetic parameters for the adsorption and desorption of NHj,
H,, and N, precluded a critical evaluation of particular kinetic
models.

Recently, additional information has become available con-
cerning the adsorption and desorption kinetics of NHj3, H,, N,,
and probable reaction intermediates (NH and NH,) on platinum
surfaces. Thermal desorption mass spectrometry (TDS)*® and
electron energy loss spectroscopy’ of ammonia chemisorbed on
Pt(111) indicate the existence of two molecular states with de-
sorpumenerg:aoflo-nand 18-20 keal/mol, respectively. The
interaction of hydrogen with Pt(s)-9(111)X(111), i.e., the Pt(997)
surface, has been elegantly studied by using helium beam scat-
tering.'®!! By monitoring the reduction in coherent helium
scattering in the of disordered hydrogen adatoms, isosteric
heats of adsorption of 22 and 19 kcal/mol were obtained for the
step edges and the terraces, respectively. Since the activation
energy for adsorption of hydrogen on platinum is known to be
small,'"!2 at most 1 kcal/mol, the measured isosteric heats of
adsorption are essentially equal to the activation energies of de-
sorption. Moreover, “normal” values of the preexponential factor
for a second-order desorption reaction of 1073-10"2 cm?/s were
obtained.!! The desorption of atomically adsorbed nitrogen as
N, from a polycrystalline platinum ribbon has been investigated
by using TDS.!* Nitrogen desorption occurred with second-order
kinetics, an activation energy of desorption of 19 kcal/mol, and
a preexponential factor of the desorption rate coefficient of 4 X
107® cm?/s. Both of these rate parameters were found not to vary
with the fractional surface coverage of nitrogen.!* The activation
energy for dissociative ofmungmonmmfmlm
been estimated to be <20 kcal/mol depending on surface orien-
tation and nitrogen coverage.'* Although the adsorption kinetics
of N on plaunum surfaces have not been investigated dxrectly.
threshold ionization measurements have established the
of N,* from a platinum ribbon with 20 kcal/mol of vibrational
excnaumdurmgammomadecomponuouau of 0.1-1.4
torr of ammonia and a temperature of 773-1373 K.!* Laser-
induced fluorescence has been used to determine an apparent
activation energy of 63—69 kcal/mol for the desorption of NH
radicals from a platinum wire in 0.1 torr of ammonia at 1200-1400
K.'%!7 The desorption of NH, radicals was not observed under
similar conditions.

In the present work, we have measured absolute reaction rates
for the catalytic decomposition of NH; and ND,, and for the NH,

(3) Gland, J. L.; Kollin, E. B. Swf. Sci. 1981, 104, 478.
(4) Guthrie, W.; Sokol, J.; Somorjai, G. A. Surj Sei. 1981, 109, 390.
(5) Robertson, A. J. B.; Willhok, E. M. A. Trans. Faraday Soc. 1967, 63,
6.

1964. 63. 3318.

989, 99,
(10) PoelmB Mochta:hamu G Com-.G Surde 1981, /11,
(lI)Poeheml.B Mechtersheimer, G.; Comss, G. Swrf. Sci. 1981, 111,

(lz)Chmmn. Enl, G.; Pignet, T. Swrf. Sci. 1976, 54, 365.

(13) wilf, M.; Dnvnon. P.T Surf. Sci. 1976, 60, 561.

(14) Grunze, M. In “The Chemical Physics of Solid Surfaces and Heter-
ogeneous Catalysis™; King, D. A.; Woodruff, D. P., Eds.; Elsevier: Amster-
dam, 1982; Vol. 4, p 150.

(15) Foner, S. N.; Hudson, R. L. J. Chem. Phys. 1984, 80, 518.

(16) Selwyn, G. S.; Lin, M. C. Chem. Phys. 1982, 67, 213.

(17) Seiwyn, G. 8.; Fujimoto, G. T.; Lin, M. C. J. Phys. Chem. 1982, 86,
760.
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Figare 1. Cross section of microreactor body showing the wire in position
for experiments at both 1071 torr and 107-10% torr. Ports for pressure
measurement and the leak to the high vacuum section, which are or-
thogonal to the inlet and outlet flow ports, are not shown. The volume
of the baratron and the access ports together with the shaded region is
the reaction volume, 30 cm’. The sample manipulator is described in
detail elsewhere.'®

+ D, exchange reaction from 5 X 1077 to 0.5 torr in the tem-
perature range between 400 and 1200 K. We have used these
data, together with the aforementioned independeatly measured
results, to clarify the detailed energetics of ammonia decomposition
on platinum.

The organization of this paper is the following. In section 2,
the experimental details are described. In section 3, the exper-
imental data are presented. A mechanistic model is developed
in section 4 and discussed in section 5. Finally, the resuits are
summarized in section 6.

2. Experimenatal Procedures

The experiments were performed in a microreactor capable of
steady-state flow and batch heterogeneous reactions on a wire,
foil, or single crystal surface. A detailed description of the ex-
perimental system is reported elsewhere.'!* The decomposition
experiments were carried out over resistively heated platinum wires
in flowing ammonia over a range of Pny, from 5 X 1077 to 0.5
torr. A differentially pumped sample manipulator was used to
translate and rotate the catalyst to different positions for ex-
periments in various pressure regimes, as shown in Figure 1. Two
0.24-cm-diameter copper leads were used to support and heat the
platinum, which was a 20-cm length of 0.0125-cm-diameter high
purity (99.99%) polycrystalline wire wound into approximately
25 coils of 0.25-cm diameter. Temperatures were measured with
a 0.0075-cm diameter W-5% Re/W-26% Re thermocouple, which
wulpotweldednmthccemerofthewire.

The main chamber of the reactor, with a volume of 30 cm’,.
consists of a right-angle ultrahigh vacuum valve which is linked
to a high vacuum section through a retractable bellows connection,
as shown in Figure 1. The pressure in the reactor was measured
with an MKS Baratron gauge. A capillary leak to an EAI 1200
quadrupole mass spectrometer in the high vacuum section enabled
the product signal to be monitored continuously by a CP/M Z-80
based microcomputer. The base pressure of the high vacuum
section, which is pumped by a liquid nitrogen trapped Varian 2-in.
diffusion pump, is approximately 10~ torr.

(18) Vajo, J. J.; Tsai, W.; Weinberg, W. H. Rev. Sci. Instrum., in press.
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Ammonia Decomposition Kinetics
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Figare 2. Arrhenius plots of the rate of ammonia decomposition on
platinum for ammonia 0f0.5,0.2,2x 107, 1 X 107,2 X 107,
1 X 107, and 5 X 107 torr. Lines have been drawn through the data
points as a visual aid.

By manipulating the position of the wire, the flow rate of the
gases, and the pumping speed, experiments were carried out at
cither 107~1 torr or 107-107° torr. The flow rate could be varied
from 0.1 to 100 cm’®/s by adjusting the calibrated inlet and outlet
valves. Mean residence times in the reactor under these conditions
were adjustable between 0.1 and 10 s. Steady-state conversions
were determined by monitoring the N, signal with the mass
spectrometer. The mass spectrometer was calibrated by flowing
stoichiometric mixtures of NH;, H,, and N,, which corresponded
to between 1% and 10% conversion, through the reactor over a
room temperature platinum wire and monitoring the m1/e 28 signal
with a total pressure of approximately 107¢ torr in the vacuum
chamber.

Reaction rates were calculated under steady-state conditions
at conversions below 10% with the continuous stirred tank reactor
(CSTR) equation'®

R = (V/7kT)(Pnn,i = Pnuys) (1)

where R is the reaction rate (molecules/(cm? s)), ¥ is the reactor
volume, 7 is the average residence time, k is the Boltzmann
constant, T is the gas temperature, and Pyy,; and Py, ¢ are the
partial pressures of ammonia in the reactor associated with the
feed and with the steady-state reaction mixture, respectively. The
assumption of a CSTR model for the reactor was examined by
a series of step-response experiments which indicated that the
residence time distribution in the reactor was indeed approximated
well by a CSTR.!?

The ammonia used in this investigation was 99.99% anhydrous
grade from Matheson and was purified further by freeze—thaw
cycles in a dry ice/acetone bath. The deuterated ammonia was
99 atom % deuterium from Merck and was used without further
purification.

Prior to the ition experiments, the platinum wire was
heated in 1077-0.1 torr of oxygen (99.99%) at 1100 K for 4 h and
then reduced in 1077-0.1 torr of hydrogen (99.99%) under the same
conditions. (The actual pressures corresponded to the pressures
at which the decomposition of ammonia was carried out subse-
quently.) This treatment led to reproducible decomposition rates
of ammonia.

3. Experimestal Results
3.1. Decomposition of Pure NH,. Abeolute rates for the
decomposition of ammonia are shown in Figure 2 as a function

(19) Smith, J. M. “Chemical Engincering Kinetics”, 3rd ed.; McGraw-Hill:
New York, 1981.
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Figure 3. Comparison of the rate of decomposition of ND, and NH,,
both at 1 X 107 torr. The inset shows the high-temperature region with
an expanded scale illustrating the difference in activation energy for
decomposition of ND; and NH;. Lines have been drawn through the
data points for clarity.

of reciprocal temperature for ammonia pressures between 0.5 and
5 % 1077 torr. At lower temperatures and higher pressures, the
reaction rate becomes independent of ammonia pressure. For
example, below approximately 550 K the decomposition rates at
pressures of 0.5 and 107 torr converge to a unique value, dependent
only on the temperature, although the pressures differ by a factor
of 500. Under these conditions the apparent activation energy
is 22 # 2 kcal/mol, with an extrapolated intercept at 1/T =0
of (6.4 £ S) X 102 molecules/(cm? s).

At higher temperatures and lower pressures, the data show a
transition from a zero order to a first-order dependence of the
rate on ammonia pressure. This transition is seen explicitly in
Figure 2 for decomposition at 107> and 2 X 1073 torr. At higher
and lower pressures only the zero-order and first-order kinetics
are observed, respectively. When the data for the three lowest
pressures shown in Figure 2 are used, the order with respect to
ammonia pressure is 0.9 £ 0.05. Concurrent with the increased
dependence of the rate on ammonia pressure, the apparent ac-
tivation energy decreases from 22 kcal/mol to a high temperature
limit of 4.2 £ 0.3 kcal/mol. The intercept at 1/T = O for the
high temperature rate is dependent on the pressure. Assuming
a first-order dependence and normalizing with respect to ammonia
pressure yields a value for the intercept of (1.4 % 0.2) x 10'®
molecules/(cm? s torr). The activation energies and orders of
reaction with respect to ammonia agree well with earlier
results of Laffler and Schmidt,' although our absolute rates are
a factor of 2-5 lower.

3.2. Decomposition of Pure ND;. Figure 3 shows the rate of

ition of deuterated ammonia ND,, together with the data
for NH;, both at 107 torr. At low temperatures the rates con-
verge, and the kinetics for ND; decomposition appear almost
identical with those for NH;. However, at higher temperatures,
as shown in the inset to Figure 3, the activation energy for de-
composition of ND, is 5.7 £ 0.3 kcal/mol compared to 4.2 + 0.3
kcal/mol for NH,. This difference in the activation energies is
indicative of a primary isotope effect. A simple calculation as-
suming a vibrational frequency of 3400 cm™' for the N-H bond
predicts an increased activation energy of 1.3 kcal/mol. These
results imply that, in the high-temperature (low activation energy)
regime, a surface reaction involving the cleavage of at least one
N-H bond is the rate-limiting step. Moreover, in regimes where
the activation energy approaches 22 kcal/mol, the rate-limiting
step apparently does not involve N-H bond cleavage.

3.3. Isotope Exchange Reactions between NH, and Deuterium.
The results of isotopic exchange experiments, performed to in-
vestigate reactions of possible surface intermediates (for example,
NH,; and NH species, and N adatoms), are shown in Figure 4
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Figwre 4. Rates of production of the products of the NH, + D, exchange
reaction as a function of reciprocal temperature at a partial pressure ratio
of NH; to D, of 5. Lines have been drawn through the data points for
clarity.

for a partial pressure ratio of ammonia to deuterium of S:1 with
a total pressure of 1.2 X 107 torr. Each of the three possible
exchange products NH,D, NHD,, and ND, is observed. The ratio
of the rates, calculated at the temperature corresponding to the
maximum value of the rates, is 1.00:0.17:0.02 for NH,D, NHD,,
and ND,, respectively. The values of the absolute rates are
approximate; they have been determined relative to the absolute
rate of nitrogen production by comparing the mass spectrometer
sensitivity for nitrogen and NH; and then using that value for
the deuterated ammonia products. Hence the reaction rate for
each of the exchange products was obtained by monitoring the
parent ion peak intensity. On the basis of the measured frag-
mentation pattern of NH;, the intensity of mass 18 was corrected
for contributions due to cracking fragments of ND; and NHD,.
At high temperatures the apparent activation energy, determined
by using a least-squares analysis, for production of NH,D is -2.3
%+ 0.1 kcal/mol, while for NHD, and ND, the values are 4.4
%+ 0.3 and 4.1 £ 0.4 kcal/mol, respectively. At lower temper-
atures the rate of production of all three species changes in a
similar manner, and the apparent activation energics become 8.4
+ 0.4, 10.6 = 0.6 and 8.7 £ 0.6 kcal/mol for NH,D, NHD,, and
ND;, respectively. The rate of ammonia decomposition, as de-
termined from the rate of production of nitrogen, during the
exchange reaction is also shown in Figure 4.

Similar experiments were conducted at partial pressure ratios
of ammonia to deuterium of 2:1 and 1:1 with total pressures of
1.5 X 1072 and 2 X 107 torr, respectively. The activation energies
and position of the rate maxima are similar to those shown in
Figure 4. The ratios of the rates, relative to NH,D, were
1.00:0.28:0.04 and 1.00:0.50:0.07 for NH,D, NHD,, and ND,
at pressure ratios of 2:1 and 1:1, respectively.

Steady-state rates for the decomposition of pure ammonia were,
in all cases, achieved in a few seconds. In contrast, much longer
times, often 510 min, were required for the exchange reactions.
This observation may imply that ammonia and deuterium compete
for the same adsorption sites on the platinum surface.®

4. Mechanistic Modeling

4.1. Simple Model for Decomposition of Pure NH;. The
similarity between the apparent activation energy of 22 kcal/mol

(20) Klein, R. L.; Schmidt, L. D. J. Chem. Phys. 1982, 76, 3823.
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determined at low temperatures and the nitrogen desorption energy
of 19 kcal/mol,' together with the absence of an isotope effect
at low temperatures, suggests that the rate-limiting step in the
low-temperature, zero-order kinetic regime is the desorption of
nitrogen. On the basis of this tenet, the decomposition reaction
can be written mechanistically as

NH;(g) = NHj(a) (2
NH;(a) — N(a) + 3H(a) 3)
2N(a) = Ni(g) 4)
2H(a) — Hy(g) (%)
The decomposition rate of ammonia is given by
Ruu, = 2K% n,(m05)* exp(~Eqn,/ kT) (6)

where k%, and E4 n, are the preexponential factor and the ac-
tivation energy of the desorption rate coefficient of nitrogen,
respectively; n, is the number of surface sites per cm?, and 8y is
the fractional surface coverage of nitrogen. This mechanism is
expected to be valid far from overall equilibrium, under conditions
where readsorption of hydrogen and nitrogen and the hydrogen-
ation of surface nitrogen (the reverse of eq 3) can be neglected.
The low conversion, <10%, maintained in our experiments satisfy
these criteria.

To calculate reaction rates based on this mechanism, the fol-
mngmata'ialhhmafaadsorbedmnmiaandnitmgenwcre

ny(dbyy,/dr) = (1 = By — Onp, ) SN, Fm, —
K npi B, exp(~Eqnu,/ kT) = KBup,ny exp(-E,/kT) = 0
)

ny(dfy/ds) =
~2k%n,(m8n)? exp(~Eqn,/kT) + Kn,bny, exp(-E,/kT) = 0
(8)

where Sy, is the zero coverage limit for the adsorption proba-
bility of ammonia; Fyy, is the molecular flux of ammonia to the
surface; and k% nw,, k% Eqnu, and E, are preexponential factors
and activation energies for ammonia desorption and surface re-
action rate coefficients, respectively. In these calculations we have
employed the following assumptions: (1) the adsorption of am-
monia is governed by first-order Langmuir kinetics; (2) the
preexponential factors and activation energies are independent
of coverage; and (3) the steady-state hydrogen coverage is small.
The assumption of first-order Langmuir kinetics is valid when the
lifetime of any precursor state to adsorption is short compared
to the time characteristic of significant surface diffusion. For the
high temperatures, greater than 500 K, where ammonia decom-
position occurs, we expect this condition to be fulfilled. For
example, if the binding energy of the NH; precursor is on the order
of 2 kcal/mol, then the surface residence time at 500 K implies
a diffusion distance of only approximately 4 A. The validity of
the other two assumptions is discussed below.

Note that the steady states given in eq 7 and 8 are exact, since
the data were obtained under steady-state flow conditions. When
the values given in Table I are used, the calculated decomposition
rates are in excellent agreement with the experimental values, as
shown in Figure Sa—c. Although the desorption energy for ni-
trogen determined using TDS is 19 kcal/mol, to reproduce the
observed activation energy at low temperatures it was necessary
for Eqn, to be 22 kecal/mol. The kinetics observed at high tem-
peratures were described accurately only when E, and k°, were
16 kcal/mol and 1.5 X 10'2 57!, respectively. Thus, employing
independently determined values for desorption of ammonia and
nitrogen results in only two adjustable parameters. The systematic
deviation of the model predictions from the experimental data for
ammonia pressures of 5 X 1077, 1 X 1075, and 2 X 107 torr is
accounted for at least partially by the difficulty in calibrating the
reactor for absolute rates at these low pressures. The agreement
between the experimental data and the model calculation is ob-
viously very good indeed.
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TABLE I: Model Parameters for the Decomposition and Isotope
Exchange Reactions of Ammonia oca Platinem
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T
700

K

600

10
parameter value ref S
K4 nmy ammonia desorption 1 x 104! 3,8
preexponential .‘u
Eqnuy ammonia desorption energy 12 kcal/mol 3,8 & el
S, ammonia probability of 1 3,8 AL
adsorption ;-
K, nitrogen desorption 4% 10%cm?s! 13 9
preexponential 'g'
Eqn, nitrogen desorption energy 22 kcal/mol 13 . 0%k o 05 Tor
K4y K4p, hydrogen desorption 0.01 cm?s™! 10, 11 b coulogel B3] Forr °
prosxposcatisl e — Mod:| 05 TO'
Eqnyp Eap, hydrogen desorption energy 19 kcal/mol 10, 11 e e
5%, deuterium probability of 0.1 10, 11
adsorption o
K°, k°, k% surface reaction 1.5 X 103 ¢! 02 1.3 1.4 1.5 .6 1.7 '8 19
preexponentials 1000 K™
E., E, surface reaction activation 16 kcal/mol T
energies ) T.K
E,np, sur:‘n;: reaction energy for  17.2 kcal/mol 8 1555 G5 6 &6 555
K. hydrogenation reaction 3% 1077 cm® 57! ’ s ' r
preexponential
E_, surface hydrogenation 28 kcal/mol _
activation energy ‘9 10°F Tt 4
K, exchange reaction 0.05 cm? s~ @ e
preexponential o' '
B E-E, 4 kcal/mol § .l
n, surface atom density 1 X 10" cm™2 T 0 E o 2.0x10° Torr <.
: o 1.0xI10° Tore
The mechanism given by eq 2-5 describes successfully the E « 1.0x10® Torr NDy
transition from the zero-order, high activation energy regime to S 0%k — Model 2.0x10° Torr
the first-order, low activation energy regime. Consideration of L --= Model 1.0xI0> Torr
the high- and low-temperature limits of eq 6-8 will elucidate the - Model 1.0xI0° Torr ND,
origins of this transition. Analysis of the model indicates that A
when the activation energy is 215 kcal/mol, 8y > 0.9. Conse- O BT - TR 75 3
quently, in this (low-temperature) case the surface is almost 1000 -1
saturated with nitrogen. If we set 6y to unity, eq 6 becomes -7 K
Row, = 2Wann expl-Eana/ kD) o 400 1000 " :3(00 700 600
3 !
and the rate is independent of ammonia pressure. In addition, . o ‘ J
from eq 9 k% ., calculated from the extrapolated i atl/T > 2.0x10° Torr
=0of (6.4 :?) X 102 molecules/(cm? s), is (3.2 £ 2.5) x 107 _ s 1.0x10% Torr
cm?/s. The remarkable agreement of this value with the value 's - ¢ 5.0xI07 Tore
of 4 X 10" cm?/s, determined by TDS,'? substantiates further @ 02k T=-
the fact that the desorption of nitrogen controls the rate of reaction o
at low temperatures. c‘E) w 2
For high temperatures and/or low ammonia pressures, eq 6-8 E s ° ° & . T
may be simplified, by assuming that 8y and 6y, are small, and L ° * . .
combined to give the rate expression 2 10°F ° , X
x — Model 2.0x10°® Torr °
R = KS°Nu,Fru, exp(-E,/kT) (10) - Modet: .0xiG Tor B
-7
" K0ty exp(-Eqnm,/ kT) + K, exp(=E,/kT) R Dttt .
10 - . -
from which the first-order dependence on ammonia pressure (flux) oe o8 e IOOOL2 - h ° °
is established. Utilizi:gthevaluuin‘l‘ablel,weseethatk‘m, K
»

exp(—E4 nu,/ kT) . exp(—E,/kT). Thus, the apparent acti-
vation energy at high temperatures is given by E, - Eqny,. This
expression illustrates clearly the origin of the isotope effect ob-
served at high temperatures. Since the nonelementary surface
reaction step, eq 3, involves dissociation of three N~H bonds, the
activation energy for this step, £, should show an isotope effect.
This is exactly what is observed. In order to model the data for
ND, accurately, it is necessary that E, = 17.2 kcal/mol
compared with 16 kcal/mol for NH;. is increase of 1.2
kcal/mol compares well with the experimentally observed increase
of 1.5 kcal/mol and with the theoretically predicted value of 1.3
kcal/mol; these three results are identical within experimental
uncertainty.

Combining eq 7 with the relationship k% nu, exp(=Eqnu,/kT)
» Kk° exp(-E,/kT) implies almost a complete adsorption—de-
sorption equilibrium for ammonia. Thus, only a fraction, ap-
proximately 10~? at 1000 K, of the adsorbed ammonia reacts; the

Figure 5. Comparison of calculations based on the mechanistic model
described in the text with the experimental data for ammonia decom-
position: (a) 0.5 and 0.2 torr; (b) 2 X 1073, 1 X 107 torr, and 1 X 107
torr of NDy; (¢) 2 X 107%, 1 X 1075, and S X 1077 torr.

remainder desorbs molecularly. In contrast, for ammonia de-
composition on iron surfaces, it has been proposed that this
equilibrium is not established.?!

An analysis of the model indicates that any coverage dependence
of the rate parameters describing eq 2-5, within reasonable limits,
would not affect the calculated rates significantly. For low tem-
peratures and/or high pressures, the rate is given by eq 6, where
By is approximately unity. Thus, a variation of Eqx, with coverage
would change the observed activation energy only slightly since

(21) Entl, G.; Huber, M. J. Catal. 1988, 61, 537.
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6y varies only slightly. Furthermore, both the observed linearity
of the Arrhenius plots at low temperature and TDS results for
nitrogen desorption from platinum'? mitigate against any sig-
nificant variation of E4y, with coverage. Since the rate of am-
monia decompogition under these conditions is given essentially
by eq 9, the calculated decomposition rate is relatively insensitive
to the rate parameters for eq 2 and 3, provided the rate of de-
sorption and dissociation of ammonia does not become patho-
logically large or small, respectively. Therefore, a variation of
Eynu, and/or E, with coverage would not change the calculated
rates at low temperatures and/or high pressures.

For high temperatures and/or low pressures, a similar argument
may be expounded. Under these conditions the total surface
coverage is small, and any changes in Eqny, or E, would be
expected to be small. Moreover, since the rate of decomposition,
which is accurately given by eq 10, is relatively insensitive to the
kinetic parameters for nitrogen desorption, any variation in Eq,
whichocwmattheselowmgswouldnotaffeatbecalauami
values. Thus, the assumption of coverage independent kinetic
parameters is valid insofar as it does not significantly affect the
model results.

4.1.1. Comparison of Simple Model with Langmuir-Hin-
shelwood Rate Expression. As mentioned previously, earlier data
for ammonia decomposition under conditions similar to those of
the present study were fit with a Langmuir-Hinshelwood (L-H)
rate expression.! While the use of the L-H expression provides
a consistent framework for discussion of a heterogeneous reaction,
the inherent assumption of a chemisorption equilibrium and the
lack of information pertaining to individual elementary steps can
lead to various misconceptions. For example, a L-H analysis of
the data for ammonia decomposition in the first-order (high-
temperature) regime yields the heat of adsorption for ammonia.
For ammonia decomposition on platinum, where we have seen
that the equilibrium assumption is justified, the calculated value
is 16.7 kcal/mol,'! compared to 12-18 kcal/mol determined by
TDS.3# However, a similar analysis for ammonia decomposition
on iron, where an adsorption—desorption equilibrium is believed
not to exist,?' leads to a value of 39 kcal/mol,2 which is too large
by a factor of 3 compared to direct determinations. > Moreover,
the reaction rate coefficient in the L-H expression has been in-
terpreted as the rate coefficient for the desorption of nitrogen.?
This implies that the apparent activation energy observed at high
temperature is due to the difference of the desorption energies
of nitrogen and ammonia, a conclusion which is inconsistent with
the isotope effect observed at high temperatures. Compared to
the L-H expression, the steady-state, nonequilibrium approach
adopted in the current model is able to describe both situations
where chemisorption equilibrium either is or is not attained.
Moreover, the high-temperature limit of the current model is
consistent with the observed isotope effect.

4.2. Kinetic Model for Isotope Exchange Reactions. Although
eq 3 represents the decomposition of adsorbed ammonia as a single
kinetic step, we expect that eq 3 is actually composed of three
elementary steps involving the sequential loss of hydrogen from
ammonia, with NH,(a) and NH(a) as intermediate species.
Assuming that the formation of NH,D, NHD,, and ND, proceeds
via the reverse of these three elementary dissociation reactions,
the results of the isotope exchange reactions contain considerable
information concerning the energetics of the intermediate species.
It has been proposed that exchange of deuterium into ammonia
on metal surfaces is a concerted reaction where N-H bond
cleavage and N-D bond formation occur simuitaneously.>?¢ On
the basis of this idea, the exchange products would have evolved
simply by sequential concerted reactions. In this case, the ex-
change kinetics would provide no information concerning the
intermediate species of decomposition.

(22) LafTler, D. G.; Schmidt, L. D. J. Cazal. 1976, 44, 244.
(23) Grunze, M.; Bozso, F.; Ertl, G.; Weiss, M. Appl. Swf. Sci. 1978, 1,
241

(24) Weiss, M.; Entl, G.; Nitschke, F. Appl. Surf. Sci. 1979, 2, 614.
(25) Sec ref 14, p 173.
(26) Kemball, C. Proc. R. Soc., Ser. A 1952, 214, 413.
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We believe, however, that the results shown in Figure 4 indicate
a dissociative as opposed to a concerted reaction. Notice in Figure
4 that the energetics for production of all the exchange products
are very similar. This implies that the mechanisms giving rise
to the different exchange products have similar steps. These steps
cannot be a series of concerted exchange reactions for the following
reason. The maximum rate of production of NH,D is approxi-
mately equal to the rate of ammonia decomposition at high tem-
peratures. Therefore, the probability for an adsorbed molecule
of ammonia to exchange is approximately equal to the probability
for decomposition, 1073 at most. Neglecting the possibility that
reaction of a singly deuterated ammonia could lead to no overall
reaction, the probability for exchange of two deuterium atoms
into ammonia is at most 107%. Similarly, the probability for
production of ND, is 107, For this mechanism, the ratio of the
rates would be 1:107%:107¢ for NH,D, NHD,, and ND,, respec-
tively. Since this ratio is inconsistent with the experimentally
observed ratios, we favor a dissociative mechanism.

Since NH,D is the major product of the exchange reaction,
we have developed a model in which only the production of NH,D
is considered. Completely deuterated ammonia, ND;, will be
included later (in section 4.2.2) as a perturbation to the present
model. Written mechanistically, the reaction steps are the fol-
lowing:

NH,(g) = NH;(a)
NH;(a) = NH,(a) + H(a)

NH,(a) — N(a) + 2H(a)

(2)
(1)
(12)

D(g) = 2D(a) (13)
NH;(a) + D(a) = NH,D(a) (14)
NH,D(a) — NH;D(g) (15)
2H(a) — Hy(g) (5)

H(a) + D(a) — HD(g) (16)
2N(a) = Ny(g) (4)

Assuming that the activation energies of desorption and the
preexponential factors of the desorption rate coefficients for NH,D
and D, are the same as for NH; and H,, respectively, the mass
balance equations introduce six new parameters, namely, k%, k%,
K°_,, E,, E,, and E_;, which are the preexponential factors and
activation energies for eq 11, 12, and 14, respectively. Further-
more, the kinetic parameters for the reverse of eq 11 are considered
equal to those for eq 14, and vice versa. Consistent with the
previous model, the adsorption of deuterium is assumed to be
governed by second-order Langmuir kinetics, and the preexpo-
nential factors and activation energies are assumed to be inde-
pendent of coverage. However, the fractional surface coverage
of hydrogen is included in all calculations. The material balance
equations indicate that the rates of reaction depend on £, - E_,
only and, therefore, we define an effective activation energy, £y
= E, - E_,. However, the fractional surface coverage of NH,
depends on E, and E_, separately.

Rates of production of NH,D and decomposition of NH; (when
the flux of deuterium is zero) were determined by solving itera-
tively the steady-state mass balance equations for 6ny,, Op, Oy,
and 6. To fit both the exchange data and the decomposition data
for NH,, the parameters k%, k°_, E,, and E were varied. All
of the parameters used are shown in Table I. As in the case of
the previous model, the values of k%, and E, given in Table I are
required to fit the high-temperature data, while the kinetic pa-
rameters for the desorption of ammonia, nitrogen, and deuterium
were obtained from direct independent measurements. The surface
reaction preexponential factor k°, was arbitrarily, although rea-
sonably, set equal to k%,. The match between the experimental
results and the model predictions was less sensitive to the two
remaining parameters, k°_, and Ey. Their values were varied
until the most accurate description of the data was obtained. Even
in this (less sensitive) case, however, the permissible variation in
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Figure 6. Comparison of model calculations with the experimental ex-
change data for N;, NH,D, and ND,.

Eq is only approximately 1 kcal/mol.

In Figure 6 both the calculated and the experimentally de-
termined rates of NH,D production are shown together with the
rate of decomposition during the exchange reaction. Inspection
of Figure 6 indicates that the energetics of the production of NH,D
are reproduced reasonably well by the model. However, the
calculated rates are shifted to higher temperatures with respect
to the experimental data. This shift may indicate the limitations
of assuming that the preexponential factors and activation energies
are constant. Indeed, a coverage-dependent activation energy and
preexponential factor for the desorption of hydrogen is necessary
in order to describe accurately the inhibition of the decomposition
of ammonia by hydrogen. This inhibition as well as the effect
of varying the rate parameters for hydrogen desorption on the
calculated rate of production of NH,D are discussed in detail
elsewhere.?’ Also shown in Figure 6 is the rate of the decom-
position of NH; at 1 X 107 torr. Both the model predictions and
the experimental data exhibit inhibition of the decomposition
reaction in the presence of deuterium. Moreover, the model
predicts accurately the observed inhibition. Inhibition of the
decomposition of ammonia by a variety of partial pressures of
deuterium and hydrogen has been investigated in detail and is
reported elsewhere.?

When the mass balance equations for NH,(a) and NH,D(a)
are used, the rate of production of NH,D may be written as

ket \Onu, 00
Rawo = 1560+ 69

where k. = k_,/k; and k, = k%n, exp(-E,/kT), with similar
expressions for k, and k_,. At high temperatures, k.(0p + 0y)
<« 1, due to the low coverage of hydrogen and deuterium, <107,
(For example, k(fp + 6y) = 0.15 at T = 833 K.) Consequently,

in this limit the rate expression becomes
Rnup = Kerk Oy 0p (18)

Analysis of the model results for Gy, and 0p shows that both
ammonia and deuterium are within 0.1% of their respective ad-
sorption—desorption equilibrium values. Therefore, the negative
apparent activation energies observed at high temperatures resuit
from decreasing equilibrium coverages of ammonia and deuterium

an

(27) Tsai, W.; Vajo, J. J.; Weinberg, W. H., in preparation.
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as the temperature is increased.
For low temperatures, 1000/ T > 2, we find that k. (6p + 0y)
> 1 and fp > 10 6. In this limit, the rate expression becomes

(19)

This expression is similar to eq 10, which was derived for the
decomposition reaction at high temperatures. However, in this
case Oy, is not simply an equilibrium value since 8y in the am-
monia mass balance, eq 7, is not negligible. On the basis of eq
19, the rate of exchange at low temperatures would be expected
to show a primary isotope effect.

4.2.1. Reduction of Exchange Model to Simple Decomposition.
By equating the flux of deuterium to zero, the above model reduces
to a mechanistic model for the decomposition of pure NH,. From
the values given in Table I, the predicted rates are extremely close
to those of the model discussed in section 4.1. The difference
between the two models is approximately 5% at high and low
temperatures, while the difference is largest, approximately 20%,
at 1000/T = 1.8 for 1073 torr of ammonia.

Since hydrogen is explicitly included in the exchange model,
we are able to evaluate our previous assumption of negligible
hydrogen coverage. Analysis of the model indicates that the
fractional coverage of hydrogen is at most 0.01. Therefore, 8
can safely be neglected.

In order for the exchange model to describe accurately the
decomposition of pure ammonia, it was necessary to have E, =
16 kcal/mol, which is equal to E, of the previous model that was
described in section 4.1. This agreement between E, and E,
suggests that the isotope effect, observed at high temperatures,
involves cleavage of the first N-H bond.

4.2.2. Production of ND;. Since the fraction of adsorbed
ammonia which exchanges to form NH,D is less than 107, the
same argument that mitigated against a concerted mechanism
may be used to imply that consecutive dissociative exchanges would
not lead to the observed rate of production of ND,;. A mechanism
for the production of ND; which involves consecutive dissociative
exchanges of NH,(a) to form ND,(a) (subsequently ND,) with
NH(a), NHD(a) and ND(a) as sequential intermediates cannot
be ruled out on the basis of our experimental data. We cannot,
however, assess critically this particular mechanism since imine
species such as NH(a) and ND(a) have not been included in our
mechanism. Therefore, we postulate that the formation of ND,
proceeds by successive deuteration of nitrogen adatoms. The
complicating possibility of hydrogenation can be neglected because
0p > 100y. This implies that the rate of addition of a hydrogen
atom will be more than an order of magnitude lower than that
for addition of a deuterium atom. Moreover, the rate of production
of NH,D exceeds that of ND, by approximately a factor of 50.
Hence the production of ND, via deuteration of nitrogen adatoms
may be treated as a perturbation on the exchange mechanism,
where the calculated values of fp, by, and by, Will not be affected
significantly by including the mechanistic steps for the production
of ND,. The mechanism may be written as

N(a) + 2D(a) = ND,(a) (20)
ND,(a) + D(a) — ND;s(g) @1

where the (small) probability that adsorbed ND; will decompose
has been neglected. From the material balance equation for
ND,(a), the rate may be expressed as

kewrk-28n0p’
1 + kefp

where k_, = k%,n, exp(-E_,/kT) is the rate coefficient for eq
20. At high temperatures, eq 22 reduces to

Ryp, = kegk_fnbp’ (23)
Differentiating the logarithm of Ryp, with respect to 8 = 1/kT
yields the following expression
d(In &) w5 d(ln 6p) 9(In Rnp,) (
B ap 1]

Ryu,p = ki,

Rnp, = (22)

E,=-Eyq+ 24)
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Figure 7. One-dimensional potential energy diagram illustrating from
right to left the catalytic decomposition of NH; over Pt where Eqny, =
12 kcal/mol, E, = 16 kcal/mol, E4 = E; - E_, = 4 kcal/mol, E_, = 28
keal/mol, and ' /,En, = 11 kcal/mol. Note that the catalytic synthesis
of NH, from N; and H, is described by traversing this energy diagram
from left to right. The model predicts an activation energy for adsorption
of N, molecules of 16 kcal/mol.

Using the value for E4 from Table I, the experimental value for
the term involving Ryp,, and the model results for the terms
involving 8y and 0p, we find that £_, = 33 kcal/mol. A similar
analysis for the low-temperature data gives E_; = 23 kcal/mol.
The difference between the high-temperature and low-temperature
values apparently suggests that £_, varies with coverage. Since
the activation energies have been assumed to be constant, we use
an average of the high- and low-temperature values, £_, = 28
5 kcal/mol. Assuming the preexponential factor of the rate
coefficient k°_; to be 3 X 10717 cm* s™! and using the values for
6y and 0y determined from the exchange model, the curve shown
in Figure 6 was calculated for the production of ND;. The
agreement that is achieved between the model prediction and the
experimental data is further evidence that ND, is produced via
deuteration of nitrogen adatoms.

S. Discussioa

A one-dimensional potential energy diagram describing the
decomposition (or synthesis) of ammonia on platinum is shown
in Figure 7. This diagram was constructed from activation
energies determined by using the kinetic models for the isotope
exchange and decomposition reactions, and independently de-
termined kinetic parameters for adsorption and desorption of
nitrogen, hydrogen, and ammonia. An activation energy for
desorption of ammonia of 12 kcal/mol was used for the model
calculations. However, TDS indicates a second molecularly ad-
sorbed state of ammonia with a desorption energy of 18 kcal/
mol.>3 If 18 rather than 12 kcal/mol is used for the theoretical
calculations, the value determined for E, changes from 16 to 22
kecal/mol. This resuit indicates that the absolute level, with respect
to nitrogen and hydrogen in their standard states, for the activation
barrier to dissociation of the first hydrogen from ammonia is -7
kcal/mol, as shown in Figure 7, independent of Eq Ny,

Also shown in Figure 7 is E4 = E, - E_, which was found to
be 4 kcal/mol. Since the calculated rates depend only on E, -
E_,, the potential energy level for NHy(a) + H(a), which is equal
to —E_; — 7 kcal/mol, cannot be determined from our kinetic
model. This is indicated by a dashed curve in Figure 7. However,
the desorption of NH, radicals during ammonia decomposition
was not detected experimentally by laser-induced fluorescence
(LIF).'%'7 Therefore, we expect that E_, is small, probably <$
kcal/mol; and consequently the fractional coverage of NH, is
small, below the (unknown) limit of detection. With a value of
44 kcal/mol for the heat of formation of NH,,2 the potential

(28) DeFrees, D. J.; Hehre, W. J.; Mclver, R. T.; McDaniel, D. H. J.
Phys. Chem. 1979, 83, 232.
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energy level for NH, + H(a) is 34.5 kcal/mol. The heat of
adsorption of the NH, radical on the platinum surface is, therefore,
E_, + 41.5 kcal/mol.

Although the rate of production of NHD, was not analyzed
in detail, the identical argument that was articulated above in-
dicates that only the difference in energy between the barriers
on each side of the NH(a) + 2H(a) potential well would be
obtained. The actual depth of the well cannot be determined. As
mentioned previously, desorption of NH radicals during ammonia
decomposition has been observed with an apparent activation
energy of 63—69 kcal/mol.'® To illustrate the relationship between
the observed apparent activation energy and the actual activation
energy for the desorption of NH radicals, consider the following
argument. The rate of desorption of NH radicals may be written
as

Rynu = Ky nundny exp(-Egnu/kT) (25)

where k% ny and Eqny are the preexponential factor and the
activation energy of the desorption rate coefficient for NH radicals.
Differentiating the logarithm of Ryny With respect to 3 yields
the negative of the observed activation energy

d(In Rynn) - 3(In )
ap ag

Thus only for the special case where d(In Oyy)/d8 = 0 is the
observed activation energy equal to the desorption energy. Since
the reaction is carried out at steady state and low conversions
where the reaction between NH(a) and H(a) to form NH,(a) can
be neglected, the rate of production of NH(a) is equal to the rate
of decomposition of NH(a), and both these rates are equal to the
rate of decomposition of ammonia. Therefore, at steady state

Run, = KonunOny exp(-Enu/kT) 27

where k%y and Eyy are the preexponential factor and the ac-
tivation energy of the rate coefficient for the decomposition of
NH(a). For the reaction conditions employed in the LIF study,
the activation energy for the decomposition of ammonia, deter-
mined from the model described in section 4.2, is approximately
5 kcal/mol. Thus from eq 27

d(In Ryw,)  a(In Ony)
a8 o8

Combining eq 26 and 28, we obtain the activation energy for the
desorption of NH radicals as 61 % 3 + Exy kcal/mol. To compare
this value with the energy determined in the present study, we
require a value for the absolute potential energy level of the barrier
leading to decomposition of NH(a) in order to express the de-
sorption energy in terms of Eny. Since the isotopic exchange data
for the production of NHD, have not been analyzed, this energy
level may not be obtained from our kinetic model. We adopt the
simplifying assumption that the NH(a) + 2H(a) potential energy
well is symmetrical. (Note that a more general case is shown in
Figure 7.) As shown in Figure 7, the absolute potential energy
level of the barrier for the Aydrogenation of NH(a) to NH,(a)
is =3 kcal/mol. Therefore, assuming a symmetrical well, the
absolute level for NH(a) + 2H(a) is ~Exy — 3 kcal/mol. Using
a value of 85 kcal/mol for the heat of formation of NH,? the
potential energy level for NH + 2H(a) is 66 kcal/mol, where we
have used Eqy, = 19 kcal/mol. Consequently, the activation
energy for the desorption of NH radicals is 69 + Eny kcal/mol.
This value agrees with the value determined via LIF within the
experimental uncertainties.

The activation energy for hydrogenation of surface nitrogen,
E_, = 28 kcal/mol, is shown also in Figure 7. Comparing this
value with the activation energy for desorption of molecular ni-
trogen, 22 kcal/mol, shows that nitrogen desorption is favored
energetically. Hydrogenation of surface nitrogen to form ammonia
has been studied by Pirug and Bonzel on a polycrystalline platinum

Eqny = —66 £ 3 kcal/mol  (26)

- Enu = -5 keal/mol  (28)

(29) Graham, W. R. M.; Lew, H. Can. J. Phys. 1978, 56, 85.
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foil by reaction of dissociatively adsorbed nitric oxide with hy-
drogen.”® Although an activation energy for the hydrogenation
reaction was not determined, an analysis of Pirug and Bonzel's
data for the production of ammonia at a partial pressure ratio
of hydrogen to nitric oxide of five (Figure 9 of ref 30) indicates
almost quantitative agreement with our data for ND; production
shown in Figure 4. The activation energy at high and low tem-
perature as well as the temperature corresponding to the maximum
rate are nearly identical. These results are consistent with a large
energy barrier for the hydrogenation of nitrogen on platinum.
Furthermore, since the ammonia produced in the NO + H; re-
action necessarily results from hydrogenation of nitrogen adatoms,
the agreement between the kinetics of ammonia production from
NO + H, and the kinetics for ND; production from NH, + D,
substantiates further the assertion that ND, results from deu-
teration of surface nitrogen.

Completion of the potential energy diagram using i Eap, =
28.5 kcal/mol and ! /,Eqn, = 11 kcal/mol results in an activation
barrier for the dissociative adsorption of nitrogen of 8 kcal/mol
on an atom basis or 16 kcal/mol for molecular nitrogen. The heat
of adsorption of a nitrogen molecule adsorbed dissociatively on
platinum is predicted to be exothermic by 6 kcal/mol. Evidently,
the energetics for dissociative adsorption of nitrogen on platinum
have not been examined directly. However, thermal desorption
results have indicated an activated adsorption process.!’3!
Moreover, the probability of adsorption was observed to be in-
dependent of surface temperature over a range between 90 and
300 K.'* This result indicates that in addition to being an activated
process, the dissociative adsorption of nitrogen is apparently also
a direct process,’! in which dissociation proceeds without prior
thermal equilibration of the molecularly adsorbed species with
the surface. Direct dissociative adsorption of nitrogen on W(110)
has been investigated by varying the incident translational energy
of nitrogen with a helium-seeded molecular beam.’? A simple
analysis based on a one-dimensional potential energy barrier
yielded a low coverage activation energy of 9.7 kcal/mol. Similar
studies on platinum surfaces would be useful in elucidating the
details of dissociative nitrogen adsorption.

Direct adsorption processes imply, through microscopic re-
versibility, direct desorption processes. Therefore it is energetically
possible, during NH; decomposition, to desorb excited nitrogen
molecules with excitation energies as large as the activation barrier
for adsorption. The excitation energy may be transiational and/or
internal depending on the detailed shape of the potential energy
surface. If only translational excitation is observed, the one-di-
mensional potential energy diagram shown in Figure 7 provides
an adequate description of the process. If vibrational or rotational
excitation is observed, the full potential energy surface must be
taken into account. Vibrationally excited nitrogen with 20
kcal/mol of excess energy has been detected during ammonia
decomposition on platinum.'* The authors attribute this internal
excitation to a recombination reaction involving adsorbed NH
species. However, the observed vibrational energy may also be
attributed to simple recombination of nitrogen adatoms, if the
activation energy for adsorption is at least 20 kcal/mol. Con-
sidering the following argument, we believe that under the con-
ditions where vibrational excitation was detected, the activation
energy for adsorption may indeed be at least 20 kcal/mol. There
are numerous examples where activation energies for adsorption
increase sharply with coverage. For example, the activation energy
for adsorption of nitrogen on Fe(100) has been shown to increase
from an initial value of 2 to 11 kcal/mol at 6y = 0.2.% We

(30) Pirug, G.; Bonzel, H. P. J. Catal. 1977, 50, 64.

(31) For a recent review of activated adsorption, see: Morris, M. A.;
Bowker, M_; King, D. A. In “Comprehensive Chemical Kinetics”; Bamford,
SH TipperCFH Compton, R. G. Eds.; EhenerAmswdlm.lm

ol. 19.

(32) Lee, J.; Madix, R. J.; Schiaegel, J. E.; Auerbach, D. J. Surf. Sci.

1984, /43, 626.
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estimate that the fractional coverages of nitrogen were between
0.3 and 0.5 under conditions where vibrationally excited nitrogen
was detected desorbing from platinum. Thus, postulating that
the activation energy for dissociative adsorption of nitrogen has
increased from an initial value of 16 to 220 kcal/mol is not at
all unreasonable.

Observation of vibrationally excited nitrogen implies that the
transition state for desorption occurs early, close to the reactants
(nitrogen adatoms) on the nitrogen—platinum potential energy
surface. For an accurate description of this type of adsorp-
tion/desorption process, a muitidimensional potential energy
surface, as opposed to a simple one-dimensional description, must
be employed. Measurements of the angular dependence of the
adsorption probability have cast doubt upon the validity of the
one-dimensional activation barrier for dissociative nitrogen ad-
sorption on W(110).3%3 Comparing this result for adsorption
on W(110) with desorption results obtained on platinum suggests
that the processes on both surfaces are similar. If the transition
state for desorption of nitrogen from tungsten also occurs early,
the transition state for the adsorption reaction will occur late,
where the adsorbing nitrogen resembles two nitrogen adatoms.
Described in terms of a potential energy surface for an atom-
diatomic molecule collinear collision,*s the hypothetical reactant
particle must bend around into the product channel to reach the
transition state. For nitrogen adsorption on tungsten, the incident
translational energy must be converted into internal energy to bend
around the potential surface and reach the transition state. Thus,
the reaction probability as a function of incident translational
energy does not have the simple step function form predicted by
a one-dimensional model, and excitation of internal degrees of
freedom near the transition state is important in surmounting the
activation barrier for adsorption.

6. Symopsis

The results of this study may be summarized as follows:

1. For high temperatures and/or low pressures, a surface
reaction involving the dissociation of the first N-H bond controls
the rate of ammonia ition. The activation energy in this
regime is 4.2 & 0.3 kcal/mol, and the rate of decomposition
exhibits a primary isotope effect.

2. For low temperatures and/or high pressures, the surface
is nearly saturated with nitrogen, and the rate of nitrogen de-
sorption controls the rate of reaction. Consequently, the reaction
rate is independent of ammonia pressure, and the observed ac-
tivation energy, 22 £ 2 kcal/mol, is equal to the activation energy
for desorption of nitrogen.

3. The isotope exchange reaction, NH; + D,, produces all three
exchange products. The mechanism for exchange is dissociative.
In particular, reasonable agreement with the experimental data
has been obtained assuming that ND, resuits from deuteration
of surface nitrogen adatoms.

4. The kinetics of ammonia decomposition on platinum for a
wide range of temperatures and pressures can be described re-
markably well by coverage independent kinetic parameters.

5. The dissociative adsorption of molecular nitrogen on plat-
inum is an activated process with an activation energy predicted
to be approximately 16 kcal/mol in the limit of zero surface
coverage of nitrogen adatoms.
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Chapter 4.

Steady-State Decomposition of Ammonia on the Pt(110)-(1x2) Surface

[Chapter 4 consists of an article coauthored with W. Tsai and W. H. Weinberg. |
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Abstract

Steady-state absolute reaction rates are reported for the catalytic decompo-
sition of ammonia on the Pt(110)-(1x2) single crystalline surface at pressures
between 1 x 107® and 2.6 x 1078 Torr and at temperatures between 400 and 1000
K. For temperatures below 475 K,the apparent activation energy is 24 + 4
kcal/mole, and the reaction rates approach zero-order in ammonia pressure.
At higher temperatures the activation energy decreases, becoming 1 + 1
kcal/mole for temperatures above 550 K. Under these conditions the rate of
decomposition is linearly dependent on ammonia pressure. The surface compo-
sition at 2 x 107® Torr and temperatures between 350 and 600 K was measured
by thermal desorption experiments conducted during the steady-state
decomposition of ammonia. The results indicate that nitrogen adatoms are the
predominant surface species, and that the activation energy for nitrogen
desorption is R4-26 kcal/mole, independent of the nitrogen coverage. A
mechanistic model, developed previously, has been found to describe accurately
the pressure and temperature dependence of both the decomposition kinetics
and the measured steady-state coverage of nitrogen adatoms. Both the experi-
mental measurements and the mechanistic model indicate that molecular nitro-
gen is produced by the recombinative desorption of nitrogen adatoms on the

platinum surface.
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1. Introduction

The decomposition of ammonia on platinum surfaces has been studied exten-
sively using a variety of experimental techniques (1-8). While the steady-state
decomposition kinetics on polycrystalline platinum surfaces has been firmly
established for a wide range of pressure and temperature (1-4), the important
surface intermediates and surface reactions, although suggested (3,7,8), have
not been determined unequivocally. Threshold ionization measurements have
established the desorption of Ny with 20 kcal/mole of vibrational excitation dur-
ing ammonia decomposition at a pressure of 0.1-1.4 Torr on a platinum ribbon
at temperatures between 773 and 1373 K (7). Based on these results, the
authors suggested that (at least under these conditions) the bimolecular reac-
tion of two adsorbed NH species is the dominant reaction producing molecular
nitrogen and controlling the rate of ammonia decomposition. Indeed, NH radi-
als have been observed by laser-induced fluorescence (LIF) to desorb from a pla-
tinum wire in 0.1 Torr of ammonia at 1200-1400 K (B). Although nitrogen
adatoms were believed to be at least an order of magnitude more abundant for
all the experimental conditions studied, the lack of an appropriate calibration

precluded any estimate of the NH surface concentration.

In a recent study in our laboratory, absolute reaction rates were measured
for ammonia decomposition by a polycrystalline platinum wire over a wide range
of pressure and temperature (3). The results were interpreted in terms of a
steady-state, nonequilibrium mechanistic model embodied by elementary sur-
face reactions. A quantitatively accurate description of the experimental data
was obtained for the entire range of conditions studied (5 x 1077 < pyg; < 0.5
Torr and 400 <T< 1200 K), using independently measured adsorption-

desorption parameters for NHg, Ny and Hy,. The model implies that at low tem-
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peratures and/or high pressures, nitrogen adatoms are the dominant surface
species, and that the recombinative desorption of nitrogen controls the
observed rate of reaction. At high temperatures and/or low pressures, the sur-
face coverage of all species is low, and a competition between the desorption of
molecular ammonia and the cleavage of an N-H bond of adsorbed ammonia con-

trols the rate of ammonia decomposition.

In the present study, absolute reaction rates have been measured for the
steady-state decomposition of ammonia by a Pt(110)-(1x2) surface at pressures
between 1 x 107® and 2.6 x 107® Torr and temperatures between 400 and 1000 K.
Thermal desorption measurements, conducted during the steady-state decom-
position, were used to determine the composition, coverage and kinetics of
desorption of the adsorbed species during the ammonia decomposition. These
results are used to evaluate ou;' previously proposed mechanistic model (3) and
to explore the surface structural dependence of the ammonia decomposition

reaction on platinum.

2. Experimental Procedures

The measurements were performed in an ion-pumped, stainless steel belljar
that has been described in detail previously (9). The base pressure of the belljar
was below 1 x 107'° Torr of reactive gases. The Pt(110) crystal was oriented and
cut from a single crystalline boule of platinum and was polished to within 1° of
the (110) orientation using standard metallographic techniques. The crystal
was etched in aqua regia and cleaned in situ by argon ion sputtering at 1200 K,
heating in 5 x 1077 Torr of oxygen at 800 K, and annealing to 1400 K. Auger elec-
tron spectroscopy was used to verify surface cleanliness. Special care was taken
to reduce the bulk concentration of silicon impurity, since it has been shown

that its presence is related to the formation of a "subsurface oxide" on Pt(111)



26,

(10). After cleaning and annealing, the (1x2) LEED pattern that is characteristic

of the clean, reconstructed surface was observed.

Since decomposition of ammonia occurred readily on the hot filament of the
mass spectrometer, the steady-state decomposition experiments were carried
out with a directional beam doser consisting of a multichannel array of capil-
laries (11). This provided a beam-pressure to background-pressure ratio of
greater than 100:1 at the platinum surface. In addition, the crystal manipulator
was cooled to approximately 100 K with liquid nitrogen, which further reduced
the background ammonia pressure. Absolute "beam' fluxes were determined by
measuring the rate of pressure decrease in the doser reservoir. Absolute reac-
tion rates were determined by replacing the ammonia in the doser reservoir
with nitrogen (the reaction product) and calibrating the mass spectrometer

using the known flux from the capillary array.

Both !®NHg (99 atom % !°N) and '°NDs (99 atom % '°N, 99 atom % deuterium)
were obtained from MSD Isotopes and were used without further purification.

Their purities were verified in situ mass spectrometrically.

3. Experimental Results
3.1. Steady-State Decomposition of °NHg

Absolute reaction rates for the decomposition of ®NHg by the Pt(110)-(1x2)
surface are shown in Fig. 1 as a function of temperature at an effective pressure
of ammoﬁia of 2 x 107® Torr. These data were obtained by exposing the clean
surface at 900 K to a continuous flux of !°NHs. The surface was then cooled at a
rate of 2-3 K/s while recording the ®N; mass spectrometric intensity (12).
Identical results were obtained by monitoring the Hp product. The data
displayed in Fig. 1 are shown as a function of reciprocal temperature in Fig. 2.

In this representation, the two different kinetic regimes, which have been
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observed previously for ammonia decomposition by platinum (1-3), are quite evi-
dent. For temperatures below approximately 475 K, the apparent activation
energy is 24 + 4 kcal/mole; at higher temperatures, the activation energy
decreases, becoming approximately 1 + 1 kcal/mole for temperatures above 550

K

The dependence of the reaction rate on ammonia pressure is shown in Fig. 3
for ammonia pressures of 1 x 107%, 1.7 x 107 and 2.6 x 107 Torr. For tempera-
tures above approximately 550 K, the dependence of the reaction rate on
ammonia pressure is nearly first-order, while for temperatures below 500 K the

reaction rates begin to converge, approaching zero-order in ammonia pressure.
3.2 Surface Composition and Coverage During Ammonia Decomposition

The !°N; mass spectrometric intensity is shown as a function of temperature
in Fig. 4 for several cooling and heating cycles during a continuous exposure of
the Pt(110)-(1xR) surface to °NHg at an effective pressure of 2 x 107 Torr. For
each cycle, the initial sufface temperature was 900 K. The surface was then
cooled at a rate of 2-3 K/s to a specified temperature, which was maintained for
30 s (13). Thereafter, the surface temperature was increased at a rate of 5 K/s
to 900 K. The cooling part of each cycle reflects the steady-state rate of decom-
position of °NHg, as shown also in Fig. 1. Each heating curve reflects, however,
both the steady-state rate of decomposition and the thermal desorption of

nitrogen from the surface.

In addition to monitoring the production of ®Ny, as shown in Fig. 4, the Hp (or
D, during the decomposition of !°ND3) mass spectrometric signal was also
recorded. For each cycle, only the steady-state rate of decomposition was
observed regardless of whether the surface was being heated or cooled; i.e.

unlike the case of N; shown in Fig. 4, no hysteresis was observed for temperatures
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above 350 K (14). Since we estimate the mass spectrometric detection limit
using this procedure to be approximately 0.05 monolayer, the ratio of the
steady-state coverage of nitrogen atoms to that of hydrogen atoms on the sur-
face at temperatures between 350 and 600 K is >20:1. This important result
clearly establishes that during the steady-state decomposition of ammonia at 2
x 107® Torr and above 350 K, the most abundant intermediate on the Pt(110)-

(1xR) surface is nitrogen adatoms.

Since these thermal desorption measurements, carried out during the
steady-state ammonia decomposition reaction, showed only nitrogen desorption,
the area between each heating and cooling curve (e.g. in Fig. 4) is a measure of
the concentration of nitrogen adatoms present during the steady-state decom-
position of ammonia at the particular temperature where the heating was
begun. Steady-state fractional coverages of nitrogen for
ammonia decomposition at 2 x 107 Torr and temperatures between 350 and 600
K were measured in this way and are shown in Fig. 5. In order to obtain these
fractional coverages, the data were normalized to the saturation coverage of
nitrogen adatoms, which was obtained at temperatures below 400 K. Although
relative coverages are shown in Fig. 5, the absolute saturation coverage of nitro-
gen adatoms was determined to be 2.1 x 10'° cm™ by calibration against the
known saturation coverage of carbon monoxide, as discussed in detail elsewhere
(15).

A comparison of the fractional coverages of nitrogen shown in Fig. 5 with the
steady-state reaction rate shown in Fig. 2 reveals that the increase in the
apparent activation energy observed below approximately 500 K is associated
with the accumulation of surface nitrogen. Hence, as the fractional coverage of
nitrogen approaches unity, the recombinative desorption of molecular nitrogen

controls the rate of the ammonia decomposition reaction, and the observed
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activation energy is the activation energy for the desorption of nitrogen.

By selec_ting an initial temperature at which the surface is saturated with
nitrogen (i.e. below 400 K) and varying the heating rate from 3 to 25 K/s, the
activation energy of the desorption rate coefficient of nitrogen may be evaluated
as a function of fractional nitrogen coverage. For a rapidly pumped system (in
which the rate of pumping is much greater than the rate of desorption), the
desorption rate is proportional to the partial pressure (i.e. the ion current of
the mass spectrometer), and the coverage at any point in a desorption spectrum
may be obtained from the time-integrated product signal. By varying the heat-
ing rate with a constant initial coverage, i.e. a particular steady-state tempera-
ture, the spectra can be used to construct Arrhenius plots of the desorption
rate at constant coverages of which the slope is —Eqn,(en)/ kp (16). Using this
procedure, the activation energy for the desorption of nitrogen from the
Pt(110)-(1xR) surface during the ammonia decomposition reaction has been
measured and is shown as a function of fractional nitrogen coverage in Fig. 6. It
is apparent that this activation energy is 24-26 kcal/mole and is independent of

nitrogen coverage.

4. Discussion
4.1 Surface Composition during Ammonia Decomposition

The thermal desorption measurements conducted during the steady-state
decomposition of ammonia on the Pt(110)-(1x2) surface at 2 x 107® Torr show
clearly that over the entire range of temperatures studied nitrogen adatoms are
the dominant surface species. For steady-state reaction temperatures below
400 K, the nitrogen overlayer corresponds to saturation coverage, approxi-
mately 2.1 x 10!® em™ (17). At higher reaction temperatures, the steady-state

fractional coverage of nitrogen decreases, becoming <0.1 for temperatures
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above 600 K. The steady-state concentrations of adsorbed species such as NH or
NH; are at least a factor of 20 lower than that of nitrogen adatoms for tempera-
tures above 350 K. This result is consistent with the LIF measurements
described in Sect. 1 (B). Although the desorption of NH radicals from a platinum
wire was observed during the steady-state decomposition of ammonia at 1200-
1400 K and 0.1 Torr, the concentration ratio of N(a) to NH(a) was estimated to

be >10:1.

The activation energy for the recombinative desorption of molecular nitrogen
from the Pt(110)-(1x2) surface during the steady-state decomposition of
ammonia was found to be 24-26 kcal/mole, which agrees with the observed
activation energy of 24 + 4 kcal/mole for the steady-state decomposition of
ammonia under conditions where the fractional surface coverage of nitrogen
approaches unity. (cf. Figs. 2 and 5), Moreover, both of these values agree with
the activation energy of 24 + 2 kcal/mole for the thermal desorption of nitro-
gen, determined independently, following the dissociative adsorption of
ammonia at 400 K (15). In these experiments, the surface was cooled to 300 K,
and the system evacuated prior to the thermal desorption measurements.
These results imply that when the surface concentration of nitrogen adatoms
approaches saturation, the desorption of nitrogen controls the rate of

ammeonia decomposition.
4.2 Mechanistic Modeling

A microscopic description of the catalytic decomposition of ammonia has
been presented and discussed in detail recently (3). Briefly, this model is based

on a series of elementary (or "almost elementary’) reactions, namely,
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SnH;FNH;
NHs(g) .  NHg(a), (1)

«—

K4 NH,
NHs(a) % N(a) + 8H(a) , (2)

k,
2N(a) 2 Ny(g) . (3)

and

2H(a) " Hy(g) . (4)

where Syy, is the probability of molecular adsorption of ammonia, Fyg, is the
flux of ammonia to the surface, and Kanmg Kro kan, and kqu, are the rate

coefficients of the four surface reactions. Each of these rate coefficients may be
written as k; = k{®exp[—E;/kgT] with (assumed) coverage-independent preex-

ponential factors k(%) and activation energies E;.

The steady-state rate of decomposition of ammonia is determined by solving
the material balance equation for each adsorbed species. The model description
of the measured rates of ammonia decomposition, utilizing the parameters
listed in Table 1, are indicated by the continuous lines in Figs. 2 and 3. Obvi-
ously, the model accurately describes both the temperature and the pressure

dependence of the reaction rate.

The model embodied by Egs. (1)-(4) has been used successfully to describe
the decorﬁposition of ammonia by polycrystalline platinum at pressures between
5 x 1077 and 0.5 Torr and temperatures between 400 and 1200 K (3). Indepen-
dently measured values were used for the adsorption and desorption parame-
ters of ammonia, nitrogen and hydrogen. To  describe the

decomposition of ammonia on the Pt(110)-(1xR2) surface, the values of the initial
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probability of adsorption of ammonia and the preexponential factors of the rate
coefficients for the desorption of both ammonia and nitrogen were the same as
those employed previously (3). The desorption parameters for hydrogen on
Pt(110)-(1x2) have been measured independently (15). For the model results
shown in Figs. 2 and 3, Ed_N2 = 24.5 kcal/mole. However, essentially identical
results were obtained with either Eqy, = 24 kcal/mole and kég\}z = 3 x
107® cm?®/s, or Eqn, = 26 kcal/mole and kéoﬁz = 2 x 1077 cm®/s. This range of
Eqn, was measured directly during ammonia decomposition on Pt(110)-(1x2), as

shown in Fig. 6. Thus, the model contains two adjustable parameters, namely,

k©® and E;~E4qnn, The measured rates at high temperatures were described
best by E~E4qnmg, = 0.5 kcal/mole. For comparison, Er—Eqnmg = 4 kcal/mole is

required to describe the decomposition of ammonia on a polycrystalline plati-
num wire (38). The difference in these values reflects the structural sensitivity of

ammonia decomposition on platinum, an issue that is discussed in Sect. 4.3.

In addition to the absolute rate of ammonia decomposition, the model embo-
died by Egs. (1)-(4) yields the steady-state coverage of each adsorbed species.
As expected, the calculated steady-state coverages of both molecular ammonia
and atomic hydrogen are small (<0.01) for all the conditions studied. The calcu-
lated fractional surface coverage of nitrogen adatoms as a function of recipro-
cal temperature is shown in Fig. 5, together with the measured coverage, each at
an ammonia pressure of 2 x 1078 Torr. The agreement between the calculated
and the measured steady-state nitrogen coverages is excellent (using the same
set of independently determined model parameters). The recombination of
nitrogen adatoms is the only reaction which gives rise to molecular nitrogen in
this mechanistic model. Therefore, the agreement between the calculated and

the measured surface coverages of nitrogen implies that the recombinative
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desorption of nitrogen is certainly the dominant (and arguably the only)

mechanism of nitrogen production.

Vibrationally excited molecular nitrogen with 20 kcal/mole of excess energy
has been detected during ammonia decomposition on polycrystalline platinum
(7). This internal excitation was attributed to a recombination reaction involv-
ing two adsorbed NH species. However, the observed vibrational energy may
alternatively be attributed to the recombination of nitrogen adatoms, if the
activation energy for the dissociative adsorption of molecular nitrogen is at
least 20 kcal/mole. Based on a mechanistic model for the NHs + D; exchange
reaction on a polycrystalline platinum wire, the dissociative adsorption of nitro-
gen is predicted to be an activated process, with an activation energy of approxi-
mately 18 kcal/mole in the limit of zero surface coverage (3). Using model
parameters appropriate for a polycrystalline surface, we estimate that the frac-
tional coverage of nitrogen was between 0.3 and 0.5 under the experimental con-
ditions where vibrationally excited nitrogen was detected desorbing from plati-
num. Postulating that the activation energy for the dissociative adsorption of
nitrogen has increased from an initial (zero coverage) value of 16 kcal/mole to

220 kcal/mole at these surface coverages is certainly not unreasonable.
4.3 Surface Structural Dependence of Ammonia Decomposition on Platinum

The decomposition of ammonia has been examined previously on a polycry-
stalline platinum wire that was cleaned by oxidation, reduction and annealing
cycles at 1100 K (8). Extensive annealing of a polycrystalline platinum ribbon at
1400 K for 12 hrs. has been shown to produce a surface with predominantly
(111) orientation (18). Assuming that the platinum wire consists of (111)
oriented microcrystallites enables comparisons to be made with the Pt(110)-

(1x2) surface used in the present study. However, the presence of a large
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number of defect sites on the "oriented" polycrystalline surface must be con-

sidered in any comparison.

Under conditions where the surfaces are nearly saturated with nitrogen
adatoms, the observed activation energies for the decomposition of ammonia on
polycrystalline platinum and Pt(110)-(1x2) are 22+2 (3) and 24+4 kcal/mole,
respectively. Although these values are identical within experimental uncertain-

ties, the best model description of the measured rates was obtained with Ean, =

22 and 24.5 kcal/mole for the polycrystalline platinum and the Pt(110)-(1x2)
surfaces, respectively. Since the recombinative desorption of nitrogen controls
the rate of ammonia decomposition under these conditions, it follows that the
desorption of nitrogen at high surface coverages of nitrogen adatoms is, at
most, only slightly sensitive to the structure of the platinum surface. Similar
results have been obtained for ammonia decomposition on a polycrystalline pla-
tinum disc and a Pt(210) surface (2). The influence of defect sites, which should
be less prevalent on the Pt(110)-(1x2) surface, is of minor importance during
ammonia decomposition under these conditions of high surface coverage. Previ-
ously, the activation energy for the dissociative adsorption of nitrogen on a
polycrystalline platinum surface was estimated to be 16 kcal/mole (3). How-

ever, the similarity of Eqy, for both the polycrystalline platinum surface and the

Pt(110)-(1xR) surface certainly does not imply that the activation energies for

the dissociative adsorption of nitrogen are similar on these two surfaces.

When the rate of ammonia decomposition is first-order in ammonia pressure,
the observed activation energies are 4.2+0.3 and 1+1 kcal/mole for the polycry-
stalline platinum (8) and the Pt(110)-(1x2) surfaces, respectively. Using the
measured range of 0-2 kcal/mole for the activation energy for

ammonia decomposition on Pt(110)-(1xR) yields a reaction probability of (2-5.5)
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x 107 at 1/T = 0. The measured reaction probability at 1/T = 0 for the polycry-
stalline platinum surface is (2.4-3.3) x 1072 (3). Based on the model embodied
by Egs. (1)-(4), the rate of ammonia decomposition in this regime is controlled
by a competition between the rate of cleavage of an N-H bond and the rate of
desorption of molecularly adsorbed ammonia. The observed activation energy is
therefore given by E—Eqng, (8). Values for E, and/or Eqng, individually accu-
rate to within the measured difference in activation energy of approximately 3
kcal/mole, are not available. Thus a determination of the relative contributions

from changes in E; and/or Eqng, is precluded. The observed difference in activa-

tion energies and the simiarity of the reaction probabilities at 1/T = 0 indicate
that for finite temperatures, i.e. 1/T > 0, where the rate of decomposition is
linearly dependent on ammonia pressure, the reaction probability on the
Pt(110)-(1xR) surface is greater than that on the polycrystalline surface. For
example, at 2 x 1078 Torr and 800 K, the reaction probabilities are 1.6 x 10 and
2.0 x 107* for the Pt(110)-(1xR) and the polycrystalline platinum surfaces,

respectively.

5. Synopsis
The results of this study may be summarized as follows:

1. The steady-state decomposition Kinetics of ammonia on Pt(110)-(1x2) is
qualitatively similar to that observed on a polycrystalline platinum surface.
Under conditions where the reaction rate is linearly dependent on ammeonia
pressure, the observed activation energy is 1+ 1 kcal/mole. For conditions
where the rate of decomposition becomes independent of ammonia pres-

sure, the observed activation energy increases to 24+4 kcal/mole.

2. Nitrogen adatoms are the predominant surface species during

ammonia decomposition at 2 x 107® Torr. For temperatures below 400 K, the
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Pt(110)-(1x2) surface is saturated with nitrogen adatoms. At higher tem-
peratures, the fractional coverage of nitrogen adatoms decreases,becoming
<0.1 for temperatures above 600 K.

3. The mechanistic model developed previously for the
decomposition of ammonia on a polycrystalline platinum wire describes
accurately the pressure and temperature dependence of the reaction rate

and the measured steady-state coverage of nitrogen adatoms on the Pt(110)-

(1x2) surface.

4. The recombinative desorption of nitrogen is the major reaction mechanism

producing molecular nitrogen during ammonia decomposition at 2 x 107®

Torr.
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Table 1. Model Parameters for the Decomposition of Ammonia on Pt(110)-(1x2)

Parameter Value Ref.
5131{3 Ammonia probability of adsorption 1 3
ké%{s Ammonia desorption preexponential 1x10Ms7! 3
k© Surface reaction preexponential I xi0tg™t
E,—Eqnm, Difference between surface 0.5 kcal/mole
reaction and desorption activation energies
ké%a Nitrogen desorption preexponential 4x108 cm?/s 3
Eqn, Nitrogen desorption activation energy 24.5 kcal/mole
kéﬁ:}z Hydrogen desorption preexponential 3x 107* cm?/s 15
19 kcal/mole 15

Eqn,

Hydrogen desorption activation energy
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Steady-state decomposition of !°NHz on Pt(110)-(1x2) at 2 x 107®
Torr. The surface was exposed to a continuous flux of ®NHj3 at an
initial temperature of 900 K and then cooled at a rate of 2-3 K/s

while recording the '°N; mass spectrometric signal.

Arrhenius plots of the data shown in Fig. 1. The continuous line

represents the result of model calculations, as discussed in the text.

Steady-state decomposition of ammonia on Pt(110)-(1x2). (A) 2.6 x
1078 Torr, (B) 1.7 x 1078 Torr; and (C) 1 x 1078 Torr. The continuous
lines represent the results of model calculations, as discussed in the

text.

Thermal desorption of !°N, from Pt(110)-(1x2) during the steady-
state decomposition of ®NHs at 2 x 107® Torr. The temperatures
indicated in the figure represent the temperatures at which the

desorption was begun. The data have been smoothed as a visual aid.

Steady-state fractional coverages of °N on Pt(110)-(1x2) during the
decomposition of ®NHs at 2 x 107® Torr. The continuous line

represents the results of model calculations, as discussed in the text.

Activation energy as a function of coverage for the thermal desorp-
tion of ®N; from Pt(110)-(1x2), determined by varying the heating
rate from 3 to 25 K/s at an initial temperature of 400 K during the

steady-state decomposition of '°NHg at 2 x 1078 Torr.
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Chapter 5.

Acetic Acid Decomposition over a Polycrystalline Platinum Surface

[Chapter 5 consists of an article coauthored with Y.-K. Sun and W. H. Weinberg, ]
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Abstract

The decomposition of CHs '3COOH on a polycrystalline platinum surface has
been examined at temperatures between 300 and 900 K during continuous expo-
sure to CHg !3COOH at 7 x 107 Torr. On an initially clean platinum surface 3CO,
CO, '3C0,, Hy and adsorbed carbon-12 are the major reaction products. The
adsorbed carbon eventually poisons completely the reactions that produce
these products. For temperatures above approximately 800 K, the carbon over-
layer that is formed is graphitic and saturates at carbon adatom concentration
of (2.6-3.5) x 10'® em™. The relative quantities of '3CO and !3CO; that are pro-
duced depend both on the surface temperature and the carbon coverage. Lower
temperatures and higher carbon coverages favor the production of !3CO. On the
graphitized platinum surfaces, the catalytic dehydration of acetic acid to ketene

and water proceeds at steady state.
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Introduction

Although the catalytic decomposition of formic acid on transition metal sur-
faces has been studied extensively using both conventional catalytic measure-
ments (1-5) and surface science techniques (6-17), this is not the case for the
decomposition of acetic acid (18-20). Formic acid decomposition can produce
CO, COg, Hz and Hy0 with no self-poisoning of the surface. This reaction is there-
fore of interest as a prototypical branching surface reaction and as a measure
of catalytic selectivity (4). The investigation of acetic acid decomposition offers
the possibility of clarifying the kinetic and mechanistic changes which occur
upon introducing a carbon-carbon bond into the carboxylic acid. In addition,
the decomposition of acetic acid may produce adsorbed carbon atoms which
can chemically modify the catalytic surface and the mechanism of decomposi-

tion.

The decomposition of both acetic acid and formic acid has been investigated
on the Ni(111) (11,19) and Ni(110) (9,10,18) surfaces, and the results of these
studies may be used to compare the reactivities of acetic acid and formic acid.
On the Ni(111) surface, acetic acid and formic acid decompose via their respec-
tive carboxylate intermediates (11,19). However, thermal desorption measure-
ments indicate that the surface formate is less stable than the surface acetate,
the latter of which was observed to decompose to CO; with the simultaneous
production of H; at 460 K when employing a linear heating rate 8 of 7.1 K/s. For
the surface formate, decomposition to CO; and Hp occurred at 404 K with 8 = 20
K/s. In each case, desorption of CO was observed near 450 K, which is typical of
CO desorption following adsorption on a clean Ni(111) surface (11). In addition
to the differences in the stability of the adsorbed intermediates, the observed CO
to CO, product ratios of 0.3 (11) and 1.8 (19) for formic acid and acetic acid

decomposition on Ni(111) indicate considerably more CO production during the
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decomposition of acetic acid. The preponderance of CO during the decomposi-
tion of acetic acid might be due partly to oxidation of the methyl carbon. Simi-

lar results have been obtained on Ni(110).

While the decomposition of acetic acid on platinum has not been investigated
in detail, a similar sequence of stabilities was observed for formate and acetate
on Pt(111) using electron energy loss spectroscopy (EELS) (20). Formic acid
decomposition on Pt(111) has been studied, however, using thermal desorption
mass spectrometry (14), modulated molecular beam scattering (17) and EELS
(15,16). In all cases it was found that formic acid decomposes almost com-
pletely to CO; and Hp with only minor amounts of CO and HgO produced. The
product ratio for acetic acid decomposition on any platinum surface has not
been determined. Electron energy loss measurements following adsorption of
acetic acid on Pt(111) at 100 K and annealing to 380 K revealed the presence of
adsorbed CO (20). However, CO; and H; were observed with reaction-limited
kinetics near 450 K. Assuming surface acetate is the common intermediate,
these results indicate that the reaction producing CO proceeds at a lower tem-

perature (with a lower activation energy) than the reaction producing CO,.

Similar results have been obtained for the decomposition of formic acid on
the Ru(001) surface (12,13). Chemisorbed carbon monoxide has been detected
via EELS following the adsorption of formic acid with annealing to 200 K. Car-
bon dioxide is produced between 310 and 340 K, depending on the initial surface
coverage, with a heating rate of 10 K/s. These results clearly imply that the
reaction producing CO is favorable compared with the reaction producing

COg,for the initial decomposition of chemisorbed formate on the Ru(001) sur-

face.

In the present study, the decomposition of acetic acid on a polycrystalline
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platinum surface has been examined at temperatures between 300 and 900 K
during continuous exposure to acetic acid at 7 x 107 Torr. The effects of tem-
perature and of adsorbed carbon on the decomposition mechanism are dis-
cussed. Briefly, two disparate kinetic regimes are observed for the decomposi-
tion of acetic acid. Initially, CO, COg, Hy and adsorbed carbon are the major
reaction products. However, the adsorbed carbon eventually poisons completely
the reactions that produce these products. On this graphitized platinum sur-
face, the dehydration of acetic acid to ketene (CH,CO) and water is the only
reaction observed. Here we will focus on the transient decomposition reaction
on the (initially) clean surface, whereas the steady-state dehydration reaction

on the graphitized surface is discussed separately (21).

2. Experimental Procedures

The experiments were performed in a continuous flow microreactor that has
been described previously (22,23). The catalyst was a 20 cm length of 0.0125 cm
diameter high-purity (99.99%) polycrystalline platinum wire. Acetic acid
(reagent grade, 99.7%) and CHg!3COOH (99 atom % !'3C, MSD isotopes) were
purified further by several freeze-thaw-pump cycles. Prior to each experiment,

the surface was cleaned in oxygen and hydrogen, as described elsewhere (21).

The reaction products, which were sampled via a capillary tube from the main
chamber of the reactor, were monitored continuously by a microcomputer-
interfaced EAI 1200 quadrupole mass spectrometer located in a high vacuum
section of the reactor of which the base pressure is below 1078 Torr. The abso-
lute quantities of CO, CO; and H; produced during acetic acid decomposition
(and of CO; and CO produced during oxygen titration measurements) were
determined by calibrating the mass spectrometer using feeds with known con-

centrations of CO, CO; and Hs.
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For the thermal desorption measurements, the bellows valve separating the
main chamber of the reactor from the high vacuum section was opened, and the
sample was translated into the high vacuum section (see Fig. 2 of Ref. 22). Heat-
ing was accomplished with a constant current power supply, which produced a
nearly linear temperature ramp with a heating rate 8 of 20 K/s. For the decom-
position experiments, the same power supply was used to provide temperature
ramps with 8 between 2 and 54 K/s and final temperatures between 500 and 900
K. Temperatures were measured with a W-5%Re/W-26%Re thermocouple, which

was spot-welded near the center of the wire.

3. Experimental Results
3.1 Decomposition of Acetic Acid

Relative reaction rates for the production of CO, COg, Hz, CH,, Ho0 and ketene
(uncorrected for mass spectrometric sensitivities) are shown in Fig. 1 as a func-
tion of time during a continuous flow of acetic acid at 7 x 107* Torr. At t = 0,
the temperature of the platinum surface is increased from 300 to 900 K with a
heating rate of 50-54 K/s. As illustrated in Fig. 1, the rates of production of CO,
COqz, Hz; and CH, pass through maxima and then decline to their background
values. Coincident with the decrease in the rate of production of CO, CO,, Hy and
CHy, the production of water and ketene is observed, which reaches a steady-
state rate. When the platinum surface, treated as in Fig. 1, is cooled to 300 K
and then reheated to 900 K, only water and ketene are produced with the same
steady-state rate, as is shown in Fig. 2. The reactivities displayed in Figs. 1 and 2
indicate both that the surface has been altered chemically by the initial decom-
position reaction and that a different surface is created that gives rise to a

steady-state rate of dehydration of acetic acid.
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Thermal desorption measurements from a platinum surface, exposed to
acetic acid as in Fig. 1, show only ketene desorption. Although the desorption of
water was not detected, adsorption on the walls of the vacuum system would
have precluded its detection under these conditions. Furthermore, as described
in detail in Sect. 3.4, the reaction with oxygen of a surface exposed to acetic acid
at temperatures above 500 K produced CO; and CO with an approximate ratio of
5:1. This indicates that after the transient decomposition of acetic acid, the pla-

tinum surface contains substantial quantities of adsorbed carbon.
3.2 Decomposition of CHs!*COOH

In order to investigate further the surface reactions of acetic acid which pro-
duce CO, COg, Hp and adsorbed carbon, continuous flow decomposition measure-
ments were made with CHg!3COOH employing a range of heating rates between 2
and 54 K/s with corresponding final surface temperatures between 500 and 900
K. Figures 3 and 4 show the rate of production of 3CO, CO, 3CO, and H; during
exposure of the initially clean platinum surface at 300 K to 7 x 107* Torr of
CHg!3COOH with heating rates of 50-54 and 4-8 K/s, respectively. The results
shown in Fig. 3, which are similar to those in Fig. 1, indicate that 3C0O, and Hs
are the major decomposition products. In addition, both *CO and CO are pro-
duced, indicating the occurrence of oxidation of the carbon atom of the methyl
group of acetic acid (24). On the other hand, when the surface is heated at a
rate of 4-8 K/s, CO, '3CO and H; are the major reaction products, as may be seen
in Fig. 4. Although the product signals shown in Fig. 4 have declined to their
background values, additional CO, CO; and H; can be produced by increasing the
surface temperature. However, surfaces heated to 800 K or higher are deac-

tivated completely with respect to the formation of CO, CO; and Hs.

An absolute calibration of the areas under the 3CO; curves indicates the pro-
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duction of increasing amounts of 3CO, with increasing final surface tempera-
tures (for temperatures below 800 K). A maximum of (2.5-3.1) x 10'® molecules-

cm ™

is produced for surface temperatures above 800 K. Calibration of the
quantities of Hy and '3CO that are produced indicates a molar ratio of Hs to
total '3C (i.e. '3CO, + !3CO) of approximately two, independent of final tempera-

ture.

The fraction of acetic acid which decomposes to '3CO, determined by the ratio
of the area of !3CO to the total area of !3CO, is shown in Fig. 5 as a function of
heating rate. Figure 5 quantifies the qualitative trend observed in Figs. 3 and 4.
For low heating rates, '3CO is the major product with respect to !3C0,. As the
heating rate increases, the fraction of acetic acid that decomposes to '3CO
decreases to a limiting value of 0.35 + 0.05. The ratio of the amount of '3CO pro-
duced to the total amount of carbon monoxide produced (}3CO + CO) is indepen-
dent of heating rate, as shown in Fig. 6. Moreover, this ratio is 0.5 + 0.05, indi-
cating that, independent of heating rate, equal quantities of CO and '3CO are

produced.
3.3 Thermal Desorption Mass Spectrometry

Thermal desorption spectra following large exposures (approximately 0.1
Torr-s) of unlabeled acetic acid on the initially clean platinum surface at 300 K
were recorded by transferring the sample into the high vacuum section of the
microreactor, as described in Sect. 2. Carbon monoxide desorbed in a single,
broad peak with a maximum at 435-450 K. Similarly, CO; and Hy desorbed with
peak maxima at 425 and 440 K, respectively. No other products (e.g. acetic acid
or water) were observed. However, since there was no line-of-sight between the
mass spectrometer and the platinum surface, the sensitivity to small concentra-

tions of acetic acid and water is poor. Calibrations of the thermal desorption
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spectra for CO, and CO indicate the desorption of approximately 3 x 103 and 4 x

10'* molecules-cm™, respectively.
3.4 Oxygen Titration Measurements

Carbon adatom concentrations, determined by the CO and CO; mass spec-
trometric intensities during reaction in 3 x 10™* Torr of oxygen at 900 K, are
shown in Table 1 (following 90 s exposures to acetic acid at pressures of 1078, 7 x
107* and 0.1 Torr at 900 K). The concentrations of surface carbon from
ethylene decomposition and both '3C and '¥C from CH3'®COOH decomposition
are also shown in Table 1. The concentrations of surface carbon vary only
slightly with pressure and are nearly identical for acetic acid and ethylene. In
addition, for the decomposition of acetic acid, more than 957% of the surface car-
bon originates from the methyl group. For comparison, the surface atom densi-
ties of Pt(111) and of the basal plane of graphite are 1.5 x 10 cm™ and 3.8 x

10'® cm™®, respectively.
3.5 Effects of Surface Carbon

The effects of adsorbed carbon on the decomposition of acetic acid were
investigated by determining the fraction of acetic acid (CHs'3COOH), which
decomposes to '3CO on surfaces with varying initial fractional coverages of !*C.
In these measurements, a clean platinum surface was heated to various tem-
peratures between 500 and 700 K during exposure to acetic acid to deposit a
known concentration of carbon adatoms, and then cooled to 300 K. Subse-
quently, the surface was heated to 900 K (8 = 50-54 K/s), and the fraction of
acetic acid which decomposes to !3CO was determined. The initial concentration
of carbon adatoms was determined from oxygen titration measurements, in
which an identical exposure of acetic acid was used, followed by evacuation at

300 K and flashing for 30 s to 900 K to remove or decompose any adsorbed
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acetic acid. The results, shown in Fig. 7, indicate that the fraction of acetic acid
which decomposes to !'3CO increases with increasing initial carbon coverage.
Note that the final carbon coverage in each case is identical, as verified by sub-
sequent oxygen titration measurements. In addition, the temperature
corresponding to the maximum rate of decomposition is shifted upward for
both 3CO and !3C0O; on the carbon-covered surfaces, compared to the initially

clean surface.

4. Discussion
4.1 Reaction Stoichiometry

The decomposition of CH3!3COOH on an initially clean polycrystalline plati-
num surface yields predominantly '3CO, CO, !'3CO,; H; and adsorbed carbon
[C(a)]. Small quantities of !3C(a) and CH, are also produced. Two overall reac-

tions can account for the major products, namely,
CH43COOH - '3C0, + 2H, + C(a) | (1)
and
CH43COOH - '3CO + CO + 2H; . (2)

The adsorbed carbon from reaction (1) poisons both of these reactions, as
shown in Fig. 1, producing a surface on which the steady-state dehydration of

acetic acid to ketene occurs.

Although water was not detected mass spectrometrically, adsorption on the
walls of the vacuum chamber might have masked observation of the transient
production of water. The following arguments, however, demonstrate clearly
that water is not a major reaction product. As illustrated in Fig. 6, equal quanti-
ties of 3CO and CO are produced, independent of surface temperature (and

heating rate). If any acetic acid decomposed to form water via
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CH43COOH - 13CO + H, + H,0 + C(a) , (3)

then more '®CO than CO would necessarily have been produced. Furthermore,
the saturation carbon adatom density of (2.6-3.5) x 10'° atoms—cm™, deter-
mined from oxygen titration measurements, is equal to the total number of
13C0O; molecules that are produced, (2.5-3.1) x 10'° atoms—em™. This confirms
that reaction (1) is the only significant source of surface carbon and that no
water is produced. Moreover, a material balance indicates a 2:1 molar ratio of
Hp to the total amount of '3C that is produced, which is inconsistent with the
stoichiometry of reaction (3). Furthermore, CO; is not a major reaction pro-
duct. This conclusion follows from the observation that equal quantities of 3CO
and CO and negligible quantities of !3C(a) are produced. The production of CO;

is, therefore, inconsistent with the stoichiometries of reactions (1) and (2).
4.2 Production of Carbon Dioxide vs. Carbon Monoxide

Electron energy loss measurements have established that acetic acid dissoci-
ates upon adsorption on Pt(111) at 225 K to form a bidentate acetate species
(R0). Moreover, a bidentate formate species has been identified using EELS on
many transition metal surfaces, including the Pt(111) (15,16), Ni(110) (10) and
Ru(001) (12,18) surfaces. Since a similar species on the polycrystalline surface
studied here is likely, the following discussion presumes that a bidentate acetate
species is formed upon dissociative adsorption of CHJ3COOH. The acetate may
decompose by either C—'3C or !3C-0 bond cleavage. Since surface reaction(s) of
13C0,(a) do not occur due to its short residence time (25), C—!3C bond cleavage
in the acetate leads directly to the desorption of !3CO; and the formation of
CHs_x(a) + xH(a), where x can be 0, 1, 2 or 3, depending on the surface tempera-
ture. Ultimately, C(a) is formed, and the hydrogen desorbs as Hp. Decomposi-

tion of the adsorbed acetate via '3C—0 bond cleavage followed by C—'3C bond
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cleavage produces 3C0O(a), O(a) and CHz_(a) + xH(a). Subsequent surface reac-
tions of these species could lead to either '3CO, and C(a) or '3CO and CO depend-
ing on the relative rates of oxidation of !3CO(a) and C(a). However, as dis-
cusssed below, the oxidation of '3CO(a) was found not to be a major reaction
pathway. Since water is not a reaction product, all of the hydrogen desorbs as

Ha.

The peak temperatures of 425 and 440 K, observed for the desorption of COg
and H; following adsorption of unlabeled acetic acid, are indicative of reaction-
limited kinetics. The small difference in peak temperatures observed for COp
and Hp is due to the decomposition of CHX species on this surface. In addition,
Hp production during the continuous flow transient decomposition experiments
is coincident with the production of '3CO,;, as shown in Figs. 3 and 4. These
results imply that the reaction step that = controls the overall rate of produc-
tion of !3CO; is the decomposition of the surface acetate. The desorption of CO,
which occurs by oxidation of C(a), occurs earlier than the desorption of either
13CO or !3CO;, as may be seen in Fig. 4 (26). Since CO; would desorb immediately
upon formation at these temperatures, the C(a) which ultimately appears as CO
is necessarily produced together with '3CO(a) and O(a), i.e. via '3C-0 bond
cleavage in the adsorbed acetate. Furthermore, CO(a) is produced on the sur-
face before the desorption of carbon monoxide occurs. Both CO(a) and !'3CO(a)
are present on the surface and, therefore, have equal probabilities of being oxi-
dized to CO, and !3CO,, respectively. Since CO, was shown not to be a reaction
product, the oxidation of 3C0O(a) to !3CO; may also be excluded. Consistent with
these results, the peak temperature observed for the desorption of carbon
monoxide agrees with the results of carbon monoxide desorption from polycry-

stalline platinum (27,28).
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As the heating rate is increased from 2 to 54 K/s, the fraction of acetic acid
which decomposes to '3CO on the platinum wire declines, as shown in Fig. 5.
This dependence implies that the reaction channels which produce 3CO; and
13CO have different activation energies. For two competing reactions, the tem-
perature dependence of the relative rates is given by exp[-(E; — Eg)/kgT], where
E; and E; are the activation energies for the two reactions. Thus, the fraction of
the reactant that reacts via the lower activation energy pathway will decrease at
higher temperatures (i.e. higher heating rates). Decomposition of acetic acid via
C—!3C bond cleavage produces 3C0O,, whereas initial '3C—0 bond cleavage leads
to the production of '3CO. Therefore, the dependence shown in Fig. 5 indicates
that the apparent activation energy for the formation of 3CO, larger than the
apparent activation energy for the production of !3CO. As discussed in Sect. 1,
similar behavior has been observed for acetic acid decomposition on the Pt(111)
surface (20) and for formic acid decomposition on Ni(111), Ni(110) and Ru(001)

surfaces (9,11,13).
4 3 FEffects of Surface Carbon

For carbon adatom concentrations of approximately 3 x 10!° cm™, the reac-
tions producing '3CO, CO, 3C0O, and H, from CH43COOH are poisoned completely.
However, for lower carbon coverages, these reactions are not poisoned totally,
and the fraction of the CH§3COOH which decomposes to '3CO is shown as a func-
tion of the initial fractional carbon coverage in Fig. 7. As the initial carbon cov-
erage increases, the fraction of acetic acid which decomposes to '3CO increases.
This result implies that while both reactions are ultimately poisoned by
adsorbed carbon, the reaction producing !3CO; is poisoned selectively. Since the
reaction pathways producing !'3CO; also produce additional adsorbed carbon,
unoccupied surface sites must be available for these reactions to occur. Thus,

on a surface containing a partial overlayer of carbon adatoms, the selective
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poisoning of reaction (1) with respect to reaction (R) is reasonable.
4.4 Nature of the Saturated Carbon Overlayer

The surface atom density of carbon produced by the decomposition of
acetic acid, (2.6-3.5) x 10'® cm™, corresponds to approximately one monolayer
of the basal plane of graphite, 3.8 x 10!° cm™®. While the carbon overlayer could
not be examined spectroscopically in the present work, other studies of carbon
deposition on platinum (29-33) and nickel (34,35) surfaces strongly support the
conclusion that the carbon overlayer produced from acetic acid decomposition
at the elevated temperatures of interest here is graphitic. For example, expo-
sure of the Ni(110) surface to ethylene at temperatures above 600 K led to the
formation of an averlayer with a surface carbon atom concentration of 3.35 x
10 cm™ and a carbon Auger peak with a graphitic shape (35). A graphitic
overlayer has also been prepared on Pt(111) by exposing the surface to ethylene
at 300 K and annealing briefly to 873 K (32). On the basis of these results and
considering the reaction conditions of our experiments, it appears certain that
the carbon overlayer formed both from acetic acid and from ethylene, which

yield similar carbon adatom concentrations, is graphitic.

5. Synopsis
The results of this study may be summarized as follows:
1. On an initially clean polycrystalline platinum surface, CH43COOH at 7 x 107*
Torr decomposes at temperatures above épproximately 400 K to 13CO, CO,

13C0O,, CH,, Hz and adsorbed carbon. The adsorbed carbon eventually pois-

ons the reactions that produce these products.

2. At temperatures above approximately 800 K, the carbon overlayer is graphi-

tic with a carbon adatom concentration of (2.8-3.5) x 10'® cm™,
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3. On the graphitized platinum surface, the steady-state dehydration of

acetic acid to ketene is the only reaction that is observed.

4. The fraction of acetic acid that decomposes to '3CO relative to !3CO
depends both on the surface temperature and the carbon adatom concen-

tration. The production of !3CO is favored at lower temperatures and higher

carbon coverages.
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Table 1. Surface Carbon Atom Concentrations pc.

Decomposed Pressure, pc.
Species Torr®* 10¥ cm™
Acetic acid 1x1078 1.5°

7x 107 2.6-3.5°¢

0.1 5.9°

Ethylene 7x107* 2.4°
CH43COOH 7x10™*  3.0°('*C)
0.15°(13C)

¢All exposures were for 90 s at 900 K.

®Value determined from a single measurement.

®Values indicate the range of six measurements.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Time evolution curves for the production of CO, COs, Ha, CHy, H20 and
CHCO (ketene) during constant exposure of an initially clean plati-
num surface to acetic acid at 7 x 107 Torr. At t=0, the surface tem-
perature was increased linearly at a rate of 50-54 K/s from 300 to
900 K, and thereafter held constant at 900 K. The data are
uncorrected for relative mass spectrometric sensitivities and pump-

ing speeds.

Time evolution curves for the production of CO, COp, Hs, CHy, Hz0 and
ketene during continuous exposure to acetic acid at 7 x 107* Torr.
The platinum surface was first exposed to acetic acid at 900 K, as in
Fig. 1, and then cooled to 300 K. The final temperature was 900 K,
and the linear heating rate was 50-54 K/s. The apparent increase in
the CO signal is due entirely to a fragmentation product of the

parent ketene.

Rates of production of !3CO, CO, 3CO, and Hp during exposure of an
initially clean platinum surface to CH33COOH. At t=0, the tempera-
ture was increased from 300 to 900 K with a linear heating rate of 50-

54 K/s.

As for Fig. 3, except that the heating rate is 4-6 K/s and the final sur-

face temperature is 545 K.

Fraction of acetic acid that decomposes to 3CO as a function of the
heating rate. This fraction is defined as the ratio of the area under
the 13CO evolution curve to the total areas of the '3CO and !3CO,

curves. The areas were corrected for relative mass spectrometric



Figure 6.

Figure 7.
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sensitivities and pumping speeds.

Fraction of the total number of carbon monoxide molecules pro-
duced during the decomposition of CH43COOH which is 3CO as a

function of the heating rate.

Fraction of the CH43COOH that decomposes to !'3CO relative to
13CO + '3C0O; as a function of initial fractional carbon coverage. In
each case the heating rate was 50-54 K/s, and the initial and final
temperatures were 300 and 900 K. The surfaces were prepared by
exposure to acetic acid, and the initial carbon coverages were deter-

mined by oxygen titration in separate measurements.
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Chapter 8.

Catalytic Dehydration of Acetic Acid on a Graphitized Platinum Surface

[Chapter 6 consists of an article coauthored with Y.-K. Sun and W. H. Weinberg.]
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Abstract

Absolute reaction rates have been measured in a continuous flow microreac-
tor for the steady-state, catalytic dehydration of acetic acid to ketene at pres-
sures between 8 x 1077 and 7 x 107* Torr and temperatures between 500 and 800
K. The catalyst was a polycrystalline platinum wire containing approximately a
monolayer of graphitic carbon. At 675 K or above, for the entire range of pres-
sures studied, the order of the dehydration reaction is unity with respect to
acetic acid pressure. In this regime, the apparent activation energy is 1 + 1
kcal/mole, and the extrapolated reaction probability at 1/T = 0 is (2.5-10) x
107*. Under these conditions, the rate of dehydration is determined by a com-
petition between the rates of desorption and surface reaction of molecularly
adsorbed acetic acid. For temperatures below 540 K and pressures of 3.5 x 107*
Torr and above, the reaction rate is independent of acetic acid pressure, and the
apparent activation energy is 27 + 2 kcal/mole. Under these conditions, the
rate of decomposition of a surface intermediate controls the rate of reaction. A
mechanistic model is developed and discussed, which describes accurately both

the temperature and the pressure dependence of the rate of dehydration.
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I. Introduction

It is well-known that carbon overlayers on transition metal surfaces can
affect both the reactivity and the selectivity of many heterogeneously catalyzed
surface reactions (1-11). These effects may have several origins. For example,
carbon adatoms may physically occupy specific surface sites that are necessary
for a particular reaction to occur, and they may chemically modify unoccupied
sites by altering the electronic structure of the surface (12-14). Both of these
phenomena can change the reactivity and/or the selectivity of a heterogeneous

catalyst.

The effect of adsorbed carbon on both the reactivity and the selectivity of a
catalytic reaction may be illustrated by considering the decomposition of formic
acid on the Ni(110) surface (6). Since formic acid decomposition may produce
either CO or COg, the relative rates of these competing reactions provide a meas-
ure of selectivity. On the clean Ni(110) surface, the CO; to CO product ratio
observed upon heating a saturation coverage of formic acid at 315 Kis 1:1. On a
carbided Ni(110) surface, formed by the dissociative adsorption of ethylene at
800 K, the product ratio is 10+£5:1, whereas the total quantity of formic acid
which, decomposed, is unchanged compared to the clean surface. However, a
shift in the temperature corresponding to the maximum rate of CO; production
from 390 to 440 K indicates that the activation energy for CO,; production is
greater on the carbon-covered surface compared to the clean surface. Upon
exposing the Ni(110) surface to ethylene at 800 K, a graphitic overlayer was
formed. Decomposition of formic acid on this surface produced only 0.1 as
much product as on the clean and carbided surfaces, and the product ratio was

near unity.

Recently, the decomposition of acetic acid over a polycrystalline platinum



78+

wire was studied in our laboratory at a pressure of 7 x 10™* Torr and at tem-
peratures between 300 and 900 K (11). Two disparate kinetic regimes were
observed. On the initially clean platinum surface, acetic acid decomposed to
yield CO, CO;, He and adsorbed carbon. No water was observed during this tran-
sient production of CO, CO; and Hz. The adsorbed carbon ultimately poisoned
the reaction channels producing CO, CO; and Hz, while simultaneously initiating
the steady-state, catalytic dehydration of acetic acid to ketene and water. Simi-
lar to the results described above for formic acid decomposition on nickel, both
the reaction rate and the CO; to CO product ratio were found to be dependent
on the carbon adatom concentration in the first regime. Since graphitic over-
layers on platinum surfaces are formed readily from carbon adatoms at tem-
peratures above 750 K (15-17), the carbon-covered surface that dehydrates
acetic acid and which is formed at 900 K is graphitic (11). Moreover, the carbon
adatom concentration, determined from oxygen titration measurements,

corresponds to approximately one monolayer of the basal plane of graphite.

In the work described here, we shall focus on the steady-state dehydration of
acetic acid to ketene and water,which occurs only on the graphitized platinum
surface. Absolute reaction rates have been measured for reactant pressures
between 8 x 1077 and 7 x 107* Torr and at temperatures between 500 and 800 K.
The steady-state reactivities of acetic anhydride, acetone, methyl acetate and
isopropyl alcohol on the graphitized surface also have been investigated briefly.
On the basis of these results, together with those of thermal desorption meas-
urements, a consistent mechanism of the acetic acid dehydration reaction is
developed. For completeness, the decomposition of acetic acid on the clean pla-
tinum surface is described briefly, whereas a detailed discussion of both this

reaction and the nature of the carbon overlayer is presented elsewhere (11).
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The organization of this paper is as follows. In Sect. II the experimental
details are described, and the experimental data are presented in Sect. Ill. The
reaction mechanism is developed and discussed in Sect. IV. Finally, the major

results of this work are summarized in Sect. V.

II. Experimental Procedures

The experiments were performed over a range of pressures from 8 x 1077 to 7
X 107* Torr in a steady-state flow microreactor that has been described previ-
ously (18,19). The catalyst was a 20 cm length of 0.0125 cm diameter high pur-
ity (99.99%) polycrystalline platinum wire. All reagents were either reagent or
research grade and were purified further by freeze-thaw-pump cycles in liquid
nitrogen. Isotopically labeled ethylene, 3C,H, (98 atom % !3C from MSD Iso-

topes), was used without further purification.

The reaction products, which were sampled via a capillary tube from the main
chamber of the reactor, were monitored continuously by a microcomputer-
interfaced EAI 1200 quadrupole mass spectrometer, located in a high vacuum
chamber of the reactor of which the base pressure is below 1078 Torr. Absolute
reaction rates for the steady-state dehydration of acetic acid were determined
by monitoring the change in the parent ion signal at 60 amu and using the
appropriate continuous stirred tank reactor (CSTR) formalism (18,19). The
reactor was well characterized as a CSTR by a series of step-response experi-
ments (1B). Average conversions were below 5% except for temperatures above
800 K at 7 x 10™* Torr, where average conversions were <20%. However, separate
measurements in which the average conversions were below 8% for all conditions

gave identical results (20).

For thermal desorption measurements, the bellows value separating the main

reaction chamber from the high vacuum section was opened, and the sample
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was translated into the high vacuum section (see Fig. 2 of Ref. 18). Heating was
accomplished with a constant current power supply that produced a nearly
linear temperature ramp of 20 K/s over the temperature range 350-650 K. Tem-
peratures were measured with a W-5%Re/W-26%Re thermocouple, which was spot

welded near the center of the platinum wire.

Two different platinum wires were used in this study. Initially, each one was
heated in 0.1 Torr of oxygen (99.99%) at 1000 K for three hours and then
reduced in 0.1 Torr of hydrogen (99.995%) under the same conditions. Approxi-
mately ten cycles of this procedure led to reproducible, steady-state rates of
acetic acid dehydration. A single oxidation-reduction cycle at 10 Torr and
1000 K for 30 minutes was conducted prior to each experiment to remove car-
bon that had been deposited during previous acetic acid decomposition. This
treatment was found to produce a clean platinum surface, as judged by the
reproducible rates of the acetic acid decomposition reactions that occur on
the initially clean surface (11) and the steady-state rates of dehydration of
acetic acid after formation of the graphitic overlayer. After the initial cleaning
treatment at 0.1 Torr, longer oxidation-reduction cycles at 1072 Torr did not

change the measured rates.

II. Experimental Results
1. Acetic Acid Decomposition

Relative rates of production of CO, COg, -Hz. H,0 and CH,CO (ketene),
uncorrected for mass spectrometric sensitivities and pumping speeds, from an
initially clean platinum surface are shown in Fig. 1 as a function of time during
a constant flow (average residence time of 3.6 s) of acetic acid at a pressure of 7
x 107* Torr and a surface temperature of 900 K. It is apparent that the rates of

production of CO, CO; and H; pass through a maximum and decline nearly to
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their respective background values. Coincident with the decrease in the CO, CO;
and H; signals, the rates of formation of both ketene and water rise to steady-
state values (21). These steady-state rates have been observed for more than
two hours, corresponding to well over 100 catalytic "turnovers" per surface site,
without significant change. Under these steady-state conditions, no reaction
products were detected other than ketene and water. The minimum in the
ketene signal, which coincides with the maximum for CO, CO; and H; in Fig. 1, is
a consequence of the fact that mass 42 is also a fragmentation product of acetic
acid. The minimum, therefore, is associated with the decomposition of acetic

acid to CO, CO; and Hs, and it is unrelated to ketene.

The relatively slow rise in the water signal, compared with the ketene signal,
is due to adsorption of water on the walls of the vacuum system. This has been
confirmed by independent step-response experiments. After correction for
mass spectrometric sensitivities and pumping speeds, the mass 42 and mass 18
steady-state signals shown in Fig. 1 correspond to a 1:1 molar ratio of ketene to

water.

After exposure to acetic acid, the platinum surface contains a substantial
concentration of carbon adatoms, as judged from oxygen titration experiments
in which predominantly CO; is formed (11). The concentration of surface car-
bon atoms following a 90 s exposure to acetic acid at 7 x 107 Torr and a tem-
perature of 900 K was (2.8-3.5) x 10!° em™. Exposure of the platinum surface to
acetic acid at 1000 K for five minutes did not alter the carbon adatom concen-
tration. Although the surface that results from exposure to acetic acid at tem-
peratures below 900 K was not examined extensively, it appears that for surface
temperatures above 700 K an identical surface may be prepared with a
sufficiently long exposure (annealing) time. The carbon adatom concentration

produced from exposure to acetic acid at 0.1 Torr for 90 s at 900 K was 5.9 x
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10'® cm™. Other pressures were not investigated in detail. A similar concentra-
tion of carbon, 2.4 x 10'® cm™®, was produced from a 90 s exposure of the sur-
face at 900 K to 7 x 107 Torr of ethylene. For comparison, the surface atom
densities of Pt(111) and of the basal plane of graphite are 1.5 x 10'® cm™ and

3.8 x 10' em™?, respectively (22).

To summarize, on an initially clean platinum surface, acetic acid decomposes
to CO, CO; and Hg, and produces a graphitic overlayer. The surface becomes
poisoned to these decomposition reactions, and subsequently, on the graphitic

surface, acetic acid dehydrates catalytically to ketene and water.
2. Steady-State Dehydration Kinetics

Absolute steady-state reaction rates for the dehydration of acetic acid to
ketene and water over the graphitized platinum surface are shown in Fig. 2 as a
function of reciprocal temperature for pressures of 7 x 107 and 3.5 x 107 Torr.
The kinetics displayed in Fig. 2 are essentially identical for all the methods that
were used to prepare the graphitic overlayer, including graphite formation from
ethylene (cf. Sect. III.1). In addition, annealing the graphitized surface in
vacuum at 1000 K did not change the observed kinetics. For the data presented
explicitly here, however, each of the graphitic overlayers was prepared by expos-
ing the initially clean platinum surface to 7 x 107 Torr of acetic acid for 90 s at
900 K. At low temperatures (540 K), the steady-state reaction rate is indepen-
dent of acetic acid pressure. Under these conditions, the apparent activation
energy is 27 + 2 kcal/mole, with an extrapolated intercept at 1/T = 0 of (0.2-1.6)
x 10** molecules-cm ®—s~!. At higher temperatures (=675 K), the reaction rate
scales linearly with the acetic acid pressure, and the activation energy decreases
to 1 £ 1 kcal/mole. In this regime, the extrapolated intercept at high tempera-

tures is (0.7-2.8) x 10!7 molecules-ecm®—s'—Torr~!. This corresponds to a reac-
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tion probability per surface collision of acetic acid of (2.5-10) x 107 The error
bar at 103/T = 1.4 in Fig. 2 indicates the variation in the measured rate after
repeatedly cleaning the surface and redepositing the graphitic overlayer. The
dehydration of perdeutero acetic acid showed no detectable isotope effect under
any conditions, although the uncertainty in the measured activation energy
would have obscured any change in the activation energy that is less than 1-2
kcal/mole. Thus, a primary isotope effect involving cleavage of a C-H bond with
a vibrational frequency of 3000 cm™ would not be observed, since the expected

increase in the activation energy is only 1.1 kcal/mole for C-D bond cleavage.

At the lowest temperatures studied (<540 K), the steady-state CO signal,
which is a fragmentation product of ketene, increased relative to the ketene
mass spectrometric intensity. Since the mass spectrometric intensities at these
low temperatures are approaching our detection limit, it was not possible to
quantify this behavior. However, this may represent another steady-state
decomposition mechanism that competes with dehydration to ketene at low
temperatures where the overall rate of decomposition is very small (e.g. the

reaction probability at 540 K and 7 x 107 Torr is approximately 107°).

Figure 3 shows the steady-state rate of dehydration of acetic acid as a func-
tion of pressure from 8 x 1077 to 7 x 107 Torr at 675 K. The reaction order with
respect to acetic acid pressure, measured from the data that were recorded
below 107° Torr, is 0.95 + 0.05. While the relative rates determined at these low
pressures are quite accurate, the calibration that is necessary to calculate abso-
lute rates is difficult at low pressures. The error bar at 3 x 1078 Torr indicates
the absolute error present in all the data at pressures below 107 Torr. Consid-
ering this rather large absolute error and the much smaller uncertainties for
measurements at higher pressures, a first-order dependence of the rate on pres-

sure is suggested at 875 K over the entire range of pressures studied, i.e. for
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pressures below 1072 Torr.

Steady-state dehydration of acetic acid was also conducted on a graphitic
surface composed of !'3C to ascertain the stability of the graphitic overlayer.
The !3C labeled surface was prepared by exposing the clean platinum surface to
7 x 107* Torr of 8C;H, for 90 s at 900 K. Comparison of the !3C surface concen-
tration, determined by oxygen titration, following dehydration of acetic acid at 7
x 107* Torr and 875 K for 20 min with the !3C surface concentration measured
without reaction, revealed that the '3C atoms remain on the surface during the
dehydration of acetic acid. Hence, the dehydration of acetic acid over graphi-
tized platinum is a "catalytic" reaction in the strictest sense, i.e. no component

of the "catalyst" is incorporated into the reaction product.
3. Thermal Desorption Measurements

A thermal desorption spectrum of ketene following exposure of the graphi-
tized platinum surface to 7 x 107 Torr of acetic acid for 240 s at 300 K is shown
in Fig. 4. A single peak occurs at a temperature of 520 K. The desorption spec-
trum is independent of the delay time associated with transferring the sample
from the reaction chamber to the high vacuum chamber. Moreover, the desorp-
tion spectrum is independent of exposure time (>4 min) and surface tempera-
ture (between 300 and 700 K), provided the surface is cooled to 300 K before the
acetic acid is evacuated. Exposures at pressures below 7 x 107* Torr were not
investigated. An approximate calibration using the mass spectrometric sensi-
tivity and the pumping speed for CO; indicates the desorption of (0.1-5) x igls
molecules-ecm ™ of ketene. Although the desorption of neither acetic acid nor
He0O was observed, these species would not be detected for surface concentra-
tions below approximately 5 x 10!% cm™ due to the adsorption of acetic acid and

H;0 on the system walls.
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Carbon monoxide was also observed to desorb from the graphitized platinum
surface following exposure to acetic acid. The peak temperature was approxi-
mately 540 K and showed the same independence of surface temperature and
delay time in transfer as ketene. The amount of CO that desorbed corresponded
to approximately half the amount of ketene that desorbed and (as verified by
independent measurements) was not due to adsorption from the background.
This desorption of CO may be related to the increase in the mass 28 : mass 482
ratio observed at low temperatures during the steady-state reaction (cf. Sect
II.2). Due to the lack of quantitative steady-state data concerning this reaction

pathway, however, the origin of the CO was not investigated further.
4. Steady-State Reaction of Related Compounds

To gain further insight into the mechanism of the steady-state dehydration of
acetic acid, the reactions of four functionally related model compounds, namely,
acetic anhydride, isopropyl alcohol, acetone and methyl acetate, were investi-
gated briefly. In each case, the graphitic overlayer was prepared in a manner
identical to that used for the steady-state measurements of acetic acid dehydra-
tion, i.e. an exposure of 7 x 107* Torr of acetic acid for 90 s at 900 K. The rates
of decomposition of each compound were measured at a pressure of 7 x 107™*
Torr. Acetic anhydride decomposed predominantly to ketene and acetic acid,
with an activation energy of 12-15 kcal/mole which was constant over the tem-
perature range 420-650 K. A minor amount of water, <1% of the acetic acid sig-
nal, was observed above 535 K. Isopropyl alcohol dehydrated to propylene and
water, with an activation energy decreasing from approximately 16 kcal/mole at
temperatures between 450 and 500 K to approximately 3 kcal/mole at 625 K.
Qualitatively, the observed steady-state kinetics for the dehydration of isopropyl
alcohol are similar to those for acetic acid dehydration. Acetone and methyl

acetate showed no reaction at any temperature studied (<700 K).



86.

IV. Discussion
1. Reaction Kinetics and Adsorbed Intermediates

For temperatures below approximately 570 K and pressures between 107 and
107 Torr, the steady-state rate of dehydration of acetic acid to ketene on gra-
phitized platinum exhibits a linear Arrhenius behavior and a diminishing depen-
dence on acetic acid pressure as the temperature decreases (cf. Fig. 2. These
observations suggest that under these conditions the catalytic surface is nearly
saturated with either acetic acid, a reaction intermediate or a reaction product.
Since the heat of adsorption of acetic acid, water and ketene on graphitized pla-
tinum is expected to be €5 kcal/mole (23), a mechanism in which the surface is
saturated with an intermediate in the dehydration reaction species is impli-
cated. For example, the intramolecular elimination of water from molecularly
adsorbed acetic acid is not a viable mechanism of dehydration, since molecular
acetic acid would be adsorbed reversibly at 300 K. Moreover, the thermal
desorption of ketene at 520 K following both exposure of the surface to acetic
acid at 300 K and the reaction of acetic acid at elevated temperatures are identi-
cal, provided the surface is cooled in the presence of acetic acid. This result
implies that the adsorbed intermediate in the reaction is stable and readily

formed at 300 K.

Information concerning the reaction intermediate is provided by the
observed reactivities of methyl acetate, acetone and isopropyl alcohol. On the
basis of both these results and those pertaining to acetic acid, we suggest that
the physically most reasonable intermediate that leads to ketene from acetic
acid dehydration is a monodentate acetate, designated n'—CH3zCOO(a), formed
by the dissociation of the oxygen-hydrogen bond of acetic acid. As discussed

below, this intermediate is consistent with the observed reactivity (or lack
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thereof) of methyl acetate, acetone and isopropyl alcohol, as well as that of
acetic acid on the graphitized platinum surface. The observed lack of reactivity
of methyl acetate in which the hydroxyl hydrogen of acetic acid is replaced with
a methyl group indicates the importance of the acidic hydrogen. Since the
oxygen-carbon bond is substantially more difficult to cleave than the oxygen-
hydrogen bond, dissociation of the acidic hydrogen is implicated in the forma-
tion of the surface intermediate. Note that since the heats of reaction for both
the dehydration of acetic acid and the elimination of methanol from methyl ace-
tate are approximately 34 kcal/mole (24), arguments based solely on thermo-
chemistry cannot account for the observed differences in reactivity. Similarly,
acetone, in which the hydroxyl group is replaced ﬁth a methyl group, is unreac-

tive.

The relative importance of the acidic hydrogen is also illustrated by the dehy-
dration of isopropyl alcohol, which exhibits kinetics that are qualitatively simi-
lar to those of acetic acid. Although much less acidic than that of acetic acid,
the hydroxyl hydrogen of isopropanol can dissociate, forming an alkoxy inter-
mediate. This alkoxy intermediate that is formed by cleavage of the oxygen-
hydrogen bond of isopropanol is analogous to the monodentate acetate inter-
mediate that is formed from cleavage of the acidic hydrogen from acetic acid.
Since the intermediates are analogous, similar kinetics may be expected. In
addition, the measured apparent activation energies at low temperatures of 27
and 18 kcal/mole for the dehydration of acetic acid and isopropanol vary con-
sistently with the C-OH bond energies of 107 and 92 kcal/mole for acetic acid
and isopropyl alcohol, respectively (25). Assuming the same relative C-O bond
energies in the adsorbed intermediates, the observed activation energies indi-
cate that the cleavage of the C-O bond can be important in controlling the rate

of decomposition of the surface intermediate.
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In contrast to the kinetics observed at low temperatures (<570 K), at high
temperatures (=675 K) the rate of dehydration of acetic acid is first-order in
acetic acid pressure, and the reaction probability approaches (2.5-10) x 107*.
This low reaction probability indicates that the vast majority of acetic acid
molecules which adsorb (weakly) on the surface subsequently desorb without
reacting. Hence, the steady-state surface coverage of acetic acid is essentially
equal to the equilibrium value in the absence of any decomposition. A low reac-
tion probability of acetic acid is also consistent with our measurements of the
decomposition of acetic anhydride. Although acetic anhydride decomposes
readily to ketene and acetic acid, only a small fraction (<1%) of the acetic acid

that is formed on the surface reacts further via dehydration.

2. Mechanistic Modeling

The steady-state reaction kinetics and the thermal desorption measure-
ments, taken together, imply that the dehydration of acetic acid proceeds via an
irreversibly adsorbed intermediate. Although the mechanistic model described
below postulates that this adsorbed intermediate is a monodentate acetate, the
numerical results are insensitive to the structure of the intermediate provided

it is readily formed at 300 K and stable upon heating to approximately 520 K.

Assuming a monodentate acetate intermediate, the dehydration of acetic acid

may be written mechanistically as follows:

S(e)F
CHgCOOH(g) [ CHsCOOH(a), (1)
kq

CH5COOH(a) lf} n'—CH3CO0(a) + H(a) , (2)
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1'~CHaCO0(a) X% CH,CO(g) + OH(a) . (3)
and
OH(a) + H(a) *® H,0(g) . (4)

where S(e) represents the functional dependence of the probability of adsorp-
tion of acetic acid on the fractional coverage of each surface species; F is the
molecular flux of acetic acid to the surface; and kq, k;, ke and ks are the reac-
tion rate coefficients for the desorption of acetic acid and the three surface

reactions. The probability of adsorption of acetic acid may be written as

S(e) =5%(1 - Y &), ()

where S° is the probability of adsorption on the graphitized platinum surface in
the limit of zero adsorbate coverage, 6 is the fractional surface coverage of
species I, and the sum is over all surface species. Each of the reaction rate
coefficients may be written as k; = k{%exp(—F;/ kgT) with (assumed) coverage-

independent preexponential factors k{% and activation energies E;.

To calculate the steady-state rate of acetic acid dehydration via this mechan-
ism, the steady-state material balance equations for each surface species were
solved. Since only three of the mass balance equations are linearly independent,

the additional assumption that enl_CHSCOO is equal to 6y was invoked. As dis-

cussed below, the rate of reaction (4) is rapid compared to that of reaction (3),
validating this assumption. The probability of molecular adsorption of acetic
acid on the clean graphitic surface S® was taken to be unity, and the surface site
density ng, which is necessary to calculate absolute rates, was taken to be
10 cm™ (26). For the recombinative desorption of water, reaction (4), the

preexponential factor and the activation energy have been determined from a
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molecular beam investigation of the HpO + D,0 exchange reaction on pyrolytic
graphite (27,28). Thus,the model described by the elementary reactions (1)-(4)
contains four parameters, namely, ki® and Ep and the composite quantities
E,—E4 and k{®/k{?). These parameters were adjusted until the best description
of the experimental data was obtained. The values for each of the variables
used in the model calculations are given in Table 1, and the model results for
the dehydration of acetic acid at 7 x 107* and 3.5 x 107* Torr are compared with
the experimental data in Fig. 2. Obviously, the model accurately describes both

the temperature and the pressure dependence of the reaction rate.

Although the model contains four adjustable parameters, a consideration of
the analytic form of the reaction rate in the limits of high and low temperature
illustrates that the values of these "adjustable” parameters are actually quite
severely constrained by the data. In the limit of high temperature, where the

coverage of all surface species approaches zero, the reaction rate becomes

_ SOFk{?

R= ké—g)exp[_(El — Eq)/ kgT] . (7)

Thus,the activation energy observed at high temperature, 1 + 1 kcal/mole, is
equal to E, — Eq, and the reaction probability at 1/T = 0 is S%k{9/k{®. At low
temperature, the surface becomes saturated with the reaction intermediates
n'—CH3C00(a) and H(a). Since for all the reaction conditions studied, the frac-
tional surface coverages of molecular acetic acid, ketene and water are negligi-

ble, enl_CHSCOO =6y = 0.5, and the reaction rate at low temperature may be writ-
ten as
R = 0.5n.k$%exp(—Es/ kgT) . (8)

The observed activation energy, 27 + 2 kcal/mole, is therefore equal to Ep, and

the extrapolated intercept at 1/T = 0, (0.2-1.8) x 10°* molecules-cm®—s7}, is
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equal to 0.5 ngks?.

An analysis of the thermal desorption measurements provides independent
determinations of kéo) and E,. Calibration of the ketene thermal desorption
spectrum indicates the desorption of (0.1-5) x 10!3 molecules-em™, 0.5 ng, of
ketene. Using this range of values together with the measured result nskéo) =
(0.4-3.2) x 10?** molecules-em™ —s7! yields k§® = (0.04-16) x 10!!'s™!, Since we
are postulating that ketene originates from the unimolecular decomposition of
an adsorbed intermediate, a first-order Redhead analysis (29) applied to the
thermal desorption spectrum of ketene using T, = 520 K and ki) = 0.04-16 x
10 s7! is appropriate. This gives E; = 23-29 kcal/mole, which agrees well with

the value of E; determined independently from the steady-state kinetics.

In order for the mechanism embodied by reactions (1)-(4) to describe the
experimental data correctly, the rate coefficient for the recombinative desorp-
tion of molecular hydrogen must be small compared to that for the production
of water. The desorption of molecular hydrogen following both the adsorption of
atomic hydrogen and the dissociative adsorption of water has been studied on
pyrolytic graphite (27,28). These results indicate that hydrogen is produced
from dissociatively adsorbed water only at temperatures above 2000 K, and even
under these conditions, the rate of production of water is an order of magnitude
larger than that of hydrogen desorption (27). An analysis of our model indicates
that kgns.,2 > kong for all conditions studied, e.g. a "worst" case occurs at 800 K
for which kgn® > 100 kgn, Consequently, the steady-state coverages of
n'—CHzC00(a) and H(a) are equal, since water is produced rapidly after the

decomposition of 7!'—CH3C0O(a) into ketene and OH(a).
3. Potential Energy Diagram for Acetic Acid Dehydration

A mechanistic model was developed in Sect. IV.2 which describes the observed
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kinetics for the dehydration of acetic acid to ketene over a graphitized platinum
surface. The energetics of this reaction implied by this model is shown in Fig.
5 in the form of a potential energy diagram along the 'reaction coordinate'.

The reference energy level of acetic acid in the gas phase is defined as zero.

To evaluate the energy levels for each of the other points along the reaction
coordinate, the bond energies tabulated in Table 2 were utilized. Note that the
predicted energy levels are consistent with the known endothermicity of the
overall reaction, namely, 34 kcal/mole (24). In addition, for temperatures above
875 K, the observed activation energy is 1 + 1 kcal/mole, which is consistent
with the potential energy level for n!—CH3gC0OO(a) + H(a). The measured value for
Es is 27 + R kcal/mole, which is in good agreement with the predicted value of

Es 2 29 kcal/mole.

Although carbon-hydrogen bond energies in hydrocarbons are typically 100
kcal/mole, following Balooch and Olander (2B), a hydrogen-surface bond energy
of 61 kcal/mole was used to construct the potential energy diagram shown in
Fig. 5. However, identical energy levels would be calculated by assuming that the
hydrogen-surface bond energy is 100 kcal/mole with a concurrent reduction of
approximately 80 kcal/mole in the carbon-carbon bond energy of the graphite
overlayer for each dissociatively adsorbed acetic acid molecule. In this case, the
HO-S and 7!-CH3COO-S bond energies would become approximately 90 and 80
kcal/mole, respectively. This alternate formulation is equally consistent with
the measured activation energies for both the desorption of hydrogen and the

recombinative desorption of water from the basal plane of graphite (27,28).

V. Synopsis

The results of this study may be summarized as follows:
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1. On a polycrystalline platinum surface containing approximately a monolayer
of graphitic carbon, the catalytic dehydration of acetic acid to ketene and

water proceeds at steady-state.

2. For reactant pressures above 3.5 x 107 Torr and temperatures below 540 K,
the reaction rate is independent of acetic acid pressure, and the apparent
activation energy is 27 + 2 kcal/mole. Under these conditions the rate of

decomposition of an irreversibly adsorbed intermediate controls the rate of

reaction.

3. The reaction intermediate is formed from acetic acid on the graphitized pla-
tinum surface at 300 K and, upon heating, decomposes at 520 K with the
accompanying desorption of ketene. Dissociation of the acidic hydrogen of

acetic acid appears to be important in the formation of the intermediate.

4, For reactant pressures below 7 x 107 Torr and at temperatures above 875 K,
the reaction rate is linearly dependent on acetic acid pressure, and the
apparent activation energy is 1 +£ 1 kcal/mole. In this regime, the reaction
rate is determined by a competition between the rates of desorption and

surface reaction of molecularly adsorbed acetic acid.
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Table 1: Model Parameters for the Dehydration of Acetic Acid on a Graphitized

Platinum Surface.

Parameter Value Ref.
g9 Probability of adsorption |

of acetic acid
k0 Preexponential factor for decomposition 1x10!0s™!

of surface intermediate
Ea Activation energy for decomposition
of surface intermediate
R Preexponential factor for
recombinative desorption of water
Es Activation energy for
recombinative desorption of water
E;, —Eq Difference between surface reaction
and desorption activation energies
kl(o)/ kéo) Ratio of surface reaction and desorption
preexponential factors

08 Surface site density

7.5 kecal /mole

7x1071% el 27

0 kcal/mole 27

2 kcal/mole

1078

1014 cm? 26
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Table 2: Bond Energies for the Dehydration of Acetic Acid on a Graphitized Pla-

tinum Surface.

(g)

Bond Energy,

Bond kcal/mole Note
CH3CO00-H 107 (a)
CH3CO-OH 107 (b)
CH3COOH-S 5 (c.d)
CH.CO-S 5 (d)
Ho0-S 5 (d)
H-S 61 (e)
HO-S 58 (f)
n'—CHgCOO-S 52 (g)
n'—CH3CO0-0(a) 101 (g)

See Ref. 30.
See Ref. 25.
"S" denotes bonding to the graphitized platinum surface.

The adsorbate-surface bond energy for each physically adsorbed species is
estimated to be 5 kcal/mole.

The activation energy for the recombinative desorption of hydrogen from
the basal plane of graphite is 18 kcal/mole (28), which implies a bond
energy of 61 kcal/mole.

The activation energy for the recombinative desorption of water from the
basal plane of graphite is 0 kcal/mole (27). Given an H-S bond energy of 61
kcal/mole, this implies an HO-S bond energy of 58 kcal/mole.

Typically, substitution of the hydrogen in an alcohol or a carboxylic acid
with an alkyl group reduces the C-O bond energy by 10 kcal/mole, from
approximately 90 to 80 kcal/mole (25). Using the reduced HO-S (carbon)
bond energy of 58 kcal/mole, linear scaling implies that the reduction here
is approximately 6 kcal/mole.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Time evolution curves for the production of CO, COs, Hz, HzO and
CHoCO (42 amu) during the constant exposure of an initially
clean platinum surface to acetic acid at 7 x 107™* Torr. At t=0,
the surface temperature was increased at a rate of 50-54 K/s
from 300 to 900 K and thereafter held constant at 900 K. The
data are uncorrected for fragmentation, mass spectrometric

sensitivities and pumping speeds.

Arrhenius plots of the rate of dehydration of acetic acid at 7 x
10™ and 3.5 x 107 Torr. For each pressure, a graphitic over-
layer was first prepared by exposing a clean platinum surface to
7 x 107 Torr of acetic acid at 900 K for 90 s. The error bar at
103/T = 1.4 indicates the variation in the rate observed by
repeatedly removing and depositing the graphitic overlayer. The
lines are the results of model calculations which are described

in the text.

Absolute reaction rates for the dehydration of acetic acid at 875
K as a function of acetic acid pressure. The error bar at 3 x 107¢
Torr indicates the systematic error in calibration of the rates

for all pressures below 107° Torr.

Thermal desorption spectrum of ketene following either reaction
at evaluated temperatures (500-700 K) and cooling to 300 K in
the presence of acetic acid, or exposure of the graphitic over-
layer to acetic acid at 300 K. The heating rate is 20 K/s, and

the maximum desorption rate occurs at 520 K.



Figure 5.

100,

One-dimensional potential energy diagram illustrating the cata-
lytic dehydration of acetic acid to ketene over a graphitized pla-
tinum surface. The energy levels have been calculated by choos-
ing acetic acid in the gas phase as the reference level and using

the bond energies listed in Table 2.
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Transient Decomposition of Acetic
Acid on Clean Platinum
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Acetic Acid Dehydration Kinetics
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Acetic Acid Dehydration at 675 K
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Chapter 7.

Conclusions
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The principal conclusions of the research presented in this thesis may be

summearized as follows:

Chapters 3and 4

1. The steady-state kinetics of ammonia decomposition on both a polycrystal-
line platinum surface and the single crystalline Pt(110)-(1xR) surface 1is

qualitatively similar.

. Under conditions where the reaction rate is linearly dependent on ammonia
pressure (at relatively lower pressures and/or higher temperatures), the
rate of decomposition is controlled by a competition between the surface
reaction that cleaves an N-H bond and the desorption of molecularly chem-

isorbed ammonia.

. When the rate of ammonia decomposition is independent of ammonia pres-
sure (at relatively higher pressures and/or lower temperatures), the surface
is saturated with nitrogen adatoms, and the recombinative desorption of

these nitrogen adatoms determines the rate of reaction.

. Steady-state kinetic data obtained over a wide range of experimental condi-
tions have been both analyzed and unified successfully into a microscopic
mechanistic model using kinetic parameters determined independently from

ultrahigh vacuum measurements.

Chapters S5and 6

1. On an initially clean polycrystalline platinum surface, '3C0, CO, 3CO;, Hp and
adsorbed carbon-12 are the major reaction products of the decomposition

of CH3'3COOH.
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2. The decomposition of acetic acid on platinum produces a graphitic overlayer

on which the steady-state catalytic dehydration of acetic acid to ketene and
water occurs.

3. The catalytic dehydration of acetic acid on the graphitized platinum surface
proceeds via an irreversibly adsorbed intermediate which is formed by the

dissociative chemisorption of acetic acid.
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Appendix.
Inhibition by Hydrogen of the Heterogeneous Decomposition

of Ammonia on Platinum

[This Appendix consists of an article coauthored with W. Tsai and W. H. Weinberg,
which appeared in the Journal of Physical Chemistry 89, 4926 (1985).]
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Reprinted from The Journal of Physical Chemistry, 1985, 89, 4926.
Copyright @ 1985 by the American Chemical Society and reprinted by permission of the copyright owner.

Inhibition by Hydrogen of the Heterogeneous Decomposition of Ammonia on Platinum

W. Tsai, J. J. Vajo, and W. H. Weinberg®

Division of Chemistry and Chemical Engineering, California Institute of Technology. Pasadena,

California 91125 (Received: May 28, 1985)

Absolute reaction rates have been measured in a continuous flow microreactor for the inhibition by hydrogen of the heterogeneous
decomposition of ammonia over a polycrystalline platinum wire at pressures between 10~ and 0.6 torr, with ammonia to
hydrogen partial pressure ratios varying from 1:1 to 1:4 and temperatures between 400 and 1200 K. Inhibition of the
decomposition is observed at relatively high total pressures (0.2-0.6 torr) for all temperatures studied. The reaction orders
with respect to hydrogen and ammonia are —1.5 and 1.0, respectively, with an apparent activation energy of 38 kcal/mol.
For relatively low total pressures (107>-$S X 1072 torr), inhibition is only observed at temperatures below 650 K, where the
activation energy varies from 33 to S5 kcal/mol and the reaction order with respect to hydrogen approaches -1.5 at low
temperatures. The decompmuon becomes uninhibited at high temperatures and the activation energy is 4.5 kcal/mol. The
kinetics of this reaction as well as previous resuits for the NH; + D, exchange reaction are described quantitatively by a
mechanistic model employing independently measured adsorption—desorption parameters of NH;, N,, and H,, where the
rate coefficient for hydrogen desorption is a function of the fractional surface coverage of nitrogen adatoms. The hydrogenation
of NHy(a) to produce molecularly adsorbed ammonia is predicted to be the dominant factor in the inhibition of the ammonia

1. Istroduction

The catalytic synthesis of ammonia is one of the most i
heterogeneous processes ever developed. There have been nu-
merous studies and reviews regarding the mechanism of ammonia
synthesis, the kinetics of the reaction, and the characterization
of the catalytic surface.!” The catalytic decomposition of am-
monia on transition metals has also been investigated extensively,
presumably due both to its (appnran) simplicity and its relevance
to the synthesis of ammonia. Although the decomposition has
been studied widely on platinum, '°-'3 a complete mechanism, which
describes the reaction over a wide range of experimental conditions
in terms of elementary steps, has not been available until recently.!
In conjunction with the decomposition of pure ammonia, the
inhibition by hydrogen of the decomposition reaction has also been
examined frequently.'!*!7 Classical kinetic studies of ammonia
decomposition on platinum filaments and evaporated films have
been investigated in batch reactors with large excesses of hydrogen
in the feed stream (Py,/ Py, varying from 3 to 6) at atmospheric
pressure and between 600 and 1000 K. The reaction
order with respect to under these conditions was
to vary from -1.3 to -1.83 in different experiments,'*~'’ and the
apparent activation energy was found to vary over a wide range
from 30.1 to 59 kcal/mol.

Loffler and Schmidt studied the inhibition of ammonia de-
composition by hydrogen on a platinum wire in a flow reactor at

(12) Loffler, D. G.; Schmidt, L. D, Surf. Sei. 1976, 59, 195.
(13) Loffler, D. G.; Schmidt, L. D. J. Catal. 1976, 41, 440
(14) Vajo, J. J.; Teai, W.; W W 3

“(mm;u.mwmma.u A. Trans. Faraday Soc. 1967,

ammonia partial pressures from 0.05 to 0.65 torr and partial
pressures of hydrogen from 0.15 to 0.68 torr in the temperature
range between 600 and 1600 K.'* Using a Langmuir-Hinshel-
wood (L-H) rate expression, they determined that the reaction
order with respect to hydrogen was —1.5 £ 0.3 and that the
activation energy approaches 32 kcal/mol asymptotically at low
temperatures. They were able to fit the L-H rate expression to
within 20% of their experimental data over the complete range
of temperatures and pressures that they studied. While the
Langmuir-Hinshelwood rate expression provides a consistent
framework for discussion of a heterogeneous reaction, it gives no
microscopic information concerning the energetics and the
mechanistic details of the reaction, and the lack of kinetic pa-
rameters for the adsorption and desorption of NH,, H,, and N,
precluded a critical evaluation of particular kinetic models.
The presence of hydrogen in the reactant stream can influence
the decomposition of ammonia in the following two ways: (1)
adsorbed hydrogen may react chemically, by hydrogenating in-
termediates generated during the decomposition; and (2) chem-
isorbed hydrogen may block surface sites that are necessary for
ammonia adsorption. Each of these inhibition mechanisms has
been observed previously.'®?! Apel’baum and Temkin determined
from their kinetic measurements at low temperatures and 0.01
torr total pressure that during ammonia decomposition on a
platinum wire, the surface coverage of nitrogen decreases with
an increase in the partial pressure of hydrogen.'* This observation
ummmmm:hydmgmmnmmandasmblochng
mechanism. However in a recent review, Grunze, co
results of Loffler and Schmidt,'? attributed the inhibition of thc
decomposition of ammonia by hydrogen to the reverse reaction,
the hydrogenation reaction to reform ammonia.'® In addition,
using laser-induced fluorescence, Selwyn and Lin showed that
the addition of hydrogen (<0.15 torr) to 0.1 torr of ammonia at
1200~-1400 K enhances the yield of NH radicals desorbing from
a polycrystalline platinum wire. They suggested that this is due
to a surface reaction that converts N(a) to NH(a). Thermal
daapumm:spewmrycxpenmmtsshowed that the amount
of ammonia adsorbed on a ruthenium (0001) surface previously
saturated with hydrogen is diminished when compared to ammonia

(18) Apeldaum, L. O.; Temkin, M. L. Russ. J. Phys. Chem. 1959, 33, 585.

(19) Gmnu. M In “The Chemical Physics of Solid Surfaces and Heter-

ogeneous Ca K.m..DA Woodruff, D. P., Eds.; Elsevier: Amster-
dam, 1982; Vol 4,p

(20) Selwyn, G. S Lm. M. C. Chem. Phys. 1982, 67, 213.
(21) Danielson, L. R.; Dresser, M. J.; Donaldson, E. E.; Dickinson, J. T.
Surf. Sci. 1978, 71, 599.

0022-3654/85/2089-4926801.50/0 © 1985 American Chemical Society
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Figwre 1. Arrhenius plots of the rate of ammonia decomposition on
platinum for ammonia pressures of 0.5, 0.2,2 X 107, 1 X 107, 2 X 107¢,
1 X 10% and S X 1077 torr. Lines have been drawn through the data
points as a visual aid.

adsorption on the clean surface, although no detailed calibration
was made to determine the reduction quantitatively.?! Similar
qualitative results were obtained by preadsorbing deuterium on
a Pt(111) surface.!! Apparently, hydrogen adatoms either block
the surface sites necessary for ammonia adsorption or indirectly
affect the nature of the ammonia adsorption sites, thereby reducing
the amount adsorbed.

In a recent study in our laboratory of the steady-state decom-
position of NH; and ND; over polycrystalline platinum at pres-
sures between 5 X 1077 and 0.5 torr and temperatures between
400 and 1200 K, the energetics of the reaction mechanism were
clarified by employing a steady-state nonequilibrium model to
describe the experimental results in terms of elementary surface
reactions.'4 It was found that ammonia decomposes with zero-
order kinetics at low temperatures and/or high pressures. Under
these conditions the reaction rate is controlled by the desorption
of the product nitrogen. A first-order dependence on ammonia
pressure was observed at high temperatures and/or low pressures,
where the rate of decomposition is controlled by a surface reaction
involving the cleavage of an N-H bond. These data are sum-
marized in the form of an Arrhenius plot in Figure 1= In addition,
the isotopic exchange reaction, NH; + D,, produced all three
exchange products through a mechanism involving dissociative
adsorption of both NH; and D,. In pan.icg.r, reasonable
agreement with the experimental data was obtained from model
calculations by assuming that ND, results from the deuteration
of nitrogen adatoms. Furthermore, during the course of a NH;,
+ D, exchange experiment at a total pressure of 1.2 X 107 torr,
inhibition of the decomposition reaction was observed at low
temperatures.'4

The various reaction steps included in the model to describe
the decomposition and the isotopic exchange reaction are the
following:

1. The adsorption and desorption of the reactants, NH; and
D,, and the desorption of the products N,, H,, HD, NH,D, and
ND, from the surface. (Note that in order to simplify the cal-
culation of the steady-state reaction rates, the surface species
NH(a) and ND(a) were omitted from the model. Consequently,
the production of NHD,, which would have resuited from deu-
teration of NH(a), is not included.)

2. The surface reaction of deuterium adatoms with NHj(a)
and ND,(a) to form NH,D(a) and ND;(a).

3. The surface reaction of nitrogen with deuterium adatoms
to form the intermediate ND,(a). Hydrogenation of the inter-
mediates N(a) and NH,(a) was omitted because the rate of
hydrogenation was found to be an order of magnitude lower than

The Journal of Physical Chemistry, Vol. 89, No. 23, 1985

the rate of deuteration under our experimental conditions.

By formulating the model in terms of elementary surface re-
actions, no assumption was made concerning any chemisorption
equilibrium on the catalytic surface, as is implicit in the L-H
approach. Moreover, it should be emphasized that all the kinetic
parameters used in the model are coverage-independent, and the
success of the model in predicting absolute decomposition rates
indicates the relative insensitivity of the rate parameters to surface
coverages. This can be understood as follows. At high temper-
atures, where the surface coverage of all species is low, the model
is sensitive only to the kinetic parameters for the surface reaction
and ammonia desorption, although in this case the nitrogen de-
sorption parameters approach the low coverage limiting values.
Similarly, at low temperatures, where the surface coverage of
nitrogen approaches unity, the model is sensitive only to the
nitrogen desorption parameters. However, thermal desorption
studies of nitrogen desorption from a polycrystalline platinum wire
indicate that the activation energy as well as the preexponential
factor of the nitrogen desorption rate coefficient are rather constant
over a range of surface coverage from 0.1 to 0.9.2 On the other
hand, the variation with surface coverage of the desorption rate
coefficient of hydrogen is irrelevant since the backward surface
reaction is negligible during the decomposition of pure ammonia
under differential conditions.

In the work described here, we have studied the inhibition of
ammonia decomposition by hydrogen over polycrystalline platinum
at total pressures from 1073 to 0.6 torr with ammonia to hydrogen
partial pressure ratios varying from 1:1 to 1:4, and at temperatures
between 400 and 1200 K. On the basis of our measured absolute
rates, we have extended our previous mechanistic model to describe
accurately the inhibition reaction over the full range of experi-
mental conditions studied and to improve the agreement between
the model calculations and the exchange data.

The organization of this paper is the following. Experimental
details are described in section 2, and the experimental data are
presented in section 3. A refined mechanistic model is developed
in section 4 and discussed in section 5. Finally, the results are
summarized in section 6.

2. Experimental Procedures

The experiments were performed over a range of total pressures
from 107 to 0.6 torr in a steady-state flow microreactor that has
been described previously.'4?® The catalyst was a 20-cm length
of 0.0125-cm-diameter high purity (99.99%) polycrystalline
platinum wire. Ammonia (99.99%, anhydrous grade) and hy-
drogen (99.995%, research grade) were initially mixed in a ma-
nifold system in the various partial pressure ratios. The reaction
products, which leaked through a capillary tube from the main
chamber of the reactor, were monitored continuously by an EA1
1200 quadrupole mass spectrometer in a high vacuum section with
a base pressure of approximately 10~ torr. The reactor is shown
schematically in Figure 2. Calibration of the mass spectrometer
was achieved by adding different pressures of nitrogen to the feed
(ammonia + hydrogen) representing conversions of less than 10%
and monitoring the product nitrogen signal. The average residence
time in the reactor was established via experiments that determined
the absolute pumping speed for various mixtures of ammonia and
hydrogen. Absolute reaction rates were then obtained by using
the continuous stirred tank reactor (CSTR) equation. The reactor
was well characterized as a CSTR from a series of step-response
experiments.?

Prior to the decomposition experiments, the platinum wire was
heated in 1073-0.1 torr of oxygen (99.99%) at 1100 K for 4 h and
then reduced in 1073-0.1 torr of hydrogen (99.995%) under the
same conditions. The actual pressures corresponded to the pressure
at which the decomposition of ammonia was carried out subse-
quently. This treatment led to reproducible decomposition rates
of ammonia.

(22) Wilf, M.; Dawson, P. T. Swrf. Sci. 1976, 60, 561.
(23) Vajo, J. J.; Tsai, W.; Weinberg, W. H. Rev. Sci. Instrum., in press.
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Figure 2. Cross section of microreactor body showing the wire in position
for experiments at both 107-1 and 107'-10% torr. Ports for pressure
measurement and the leak to the high-vacuum section, which are or-
thogonal to the inlet and outlet flow ports, are not shown. The volume
of the baratron and the access ports together with the shaded region is
the reactor volume, 30 cm’. The sample manipulator is described in
detail elsewhere.?

3. Experimental Resuits

Absolute reaction rates for the decomposition of ammonia with
hydrogen inhibition are shown in Figures 3 and 4 as a function
of reciprocal temperature for total pressures from 1073 to 0.6 torr
with ammonia to hydrogen partial pressure ratios varying from
1:1 to 1:4. (The curves in Figures 3 and 4 designate resuits of
model calculations which will be discussed in the next section.)
Pronounced inhibition of ammonia decomposition is observed for
total pressures between 0.3 torr (Py,/Pny, = 2) and 0.6 torr
(Pu,/ Pnu, = 2) over the whole range of temperatures studied,
as may be seen in Figure 3 parts a and b. Inhibition was observed
at low temperatures, below approximately 650 K, for pressures
between 2 X 107 torr (Py,/ Py, = 1) and 5 X 107 torr (Py,/ Py,
= 4), as may be seen in Figure 4. The degree-of inhibition is
indicated by the magnitude of the difference in reaction rates
between pure ammonia and an ammonia—hydrogen mixture with
the same partial pressure of ammonia (Figure 3 and 4). The
reaction order with respect to h: between 0.3 and 0.6 torr
total pressure is -1.5 & 0.3 (Figure 3a) and that with respect to
ammonia is 1.0 + 0.2 (Figure 3b). These results are in agreement
with earlier results of Loffler and Schmidt for similar conditions.'?
Between 2 X 1072 and 5 X 1073 torr total pressure, the reaction
order with respect to hydrogen also approaches 1.5 at low tem-
peratures (Figure 4). The apparent activation energy is 38 £ 2
kcal/mol at pressures between 0.3 and 0.6 torr, and varies from
33 £ 3 kcal/mol for 2 X 107 torr (Py,/Pny, = 1) to 55 £ 4
kcal/mol for 5 % 1072 torr (Py,/ Py, = 4) total pressures. For
high temperatures, between 2 X 1073 and § X 1073 torr, the
decomposition becomes uninhibited, and the kinetic order with
respect to hydrogen increases continuously to zero. The absolute
rates in this limit agree quantitatively with our previous data for
the decomposition of pure ammonia,'* as is shown explicitly in
Figure 4. The apparent activation energy is 4.5 + 0.2 kcal/mol
under these conditions.

4. Mechanistic Modeling

In our previous work, a mechanistic model based on elementary
reactions was developed to describe the kinetics of ammonia
decompasition and the isotopic exchange reaction with deuterium
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Figure 3. Arrhenius plots of the rate of ammonia decomposition with
hydrogen inhibition on platinum and the comparison of calculations based
on the mechanistic model described in the text with the experimental
data. (a) Py, = 0.2 torr, Py, =0, 0.2, 0.3, and 0.4 torr. (b) Pny, =

0.2 torr, Py, = 0, 0.2 torr, and Pyy, = 0.1 torr, Py, = 0.2 torr.
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Figwre 4. Arrhenius plots of the rate of ammonia decomposition with
hydrogen inhibition on platinum and the comparison of model calcula-
tions with the experimental data. Pny, = 107 torr, Py, = 0, 107, 2 X

1073, and 4 % 1073 torr.

to produce NH,D and ND,. The reaction mechanism is formu-

lated as follows:
Sratf Nty
EoenEaey

NH;(g) NH;(a)
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NH,(a) =5—= NHz(a) + H(a) (€))
NH;(a) = N(a) + 2H(a) 3)
Hylg) = 2H@) @
ZN(a) = Na(e) (%)

The steady-state mass balance equations for the reactants and
the products were solved by employing an iterative scheme. Since
independently measured rate parameters were used to describe
the adsorption and desorption of ammonia, nitrogen, and hydrogen
on the platinum surface, the only adjustable parameters introduced
were the activation energies and preexponential factors for the
surface reactions, eq 2 and 3. These were varied within reasonable
limits in order to obtain the best agreement between the calcu-
lations and the experimental results. To model the inhibition
kinetics, the same mechanism with the same set of kinetic pa-
rameters was found to predict the observed kinetics reasonably
well between 2 X 1072 and 5 X 1073 torr total pressure. However,
the calculated rates between 0.3 and 0.6 torr are approximately
2 orders of magnitude lower than the measured rates, and the
predicted reaction order with respect to hydrogen is -3, compared
to —1.5 observed experimentally (cf. section 3).

In the previous modeling of the exchange reaction, which also
exhibited inhibition of the decomposition reaction for a total
pressure of 1.2 X 1073 torr (Pp,/Pny, = 0.2), it was suggested
that the deviations between the model predictions and the ex-
perimental results (the calculated values for the rate of formation
of NH,D and ND;, are shifted to higher temperatures with respect
to the data) indicate that it may be necessary to allow a variation
of certain kinetic parameters with surface coverages in the model.'*
Hence, in view of the failure of the model to predict inhibition
rates between 0.3 and 0.6 torr, one immediately suspects a possible
variation in one or more of the kinetic parameters with the surface
coverages of ammonia, hydrogen and/or nitrogen.

The effect of 6y, the fractional surface coverage of ammonia,
on any rate parameters will be small because the maximum am-
monia coverage on the platinum surface under the reaction con-
ditions employed is found to be 107%,'* and the influence of hy-
drogen adatoms is also small since the fractional coverage of
hydrogen adatoms under reaction conditions is estimated to be
less than 8 X 1073. However, the fractional surface coverage of
nitrogen adatoms, which is on the order of 0.1 to unity,'* may
be important in modifying the various kinetic parameters present
in the model. An initial adjustment of the model has been made
for the desorption rate coefficient of hydrogen. This rate coef-
ficient is particularly important during the inhibition reaction since
the backward hydrogenation step is not negligible when hydrogen
is present in the reactant feed, although it is not important in the
decomposition of pure ammonia. In general, the activation energy
and the preexponential factor of any heterogenous reaction rate
coefficient may be a function of surface coverage. In particular,
there are many examples in the literature where the activation
energy and the preexponential factor of the hydrogen desorption
rate coefficient decrease as a function of surface coverage (see
the discussion below and ref 24-30). Consequently, the rate of
desorption of hydrogen may be represented as

Ryp, = 2k% p1,(8)(n8y)* exp[-Eq(6) /kT] (62)

where
K2 14,(6) = Ko i, exp(-ab) (6b)
Eq0) = E, - B0 (6¢c)

In this case 0, the fractional surface coverage, is given essentially
by Oy, the fractional surface coverage of nitrogen. Here a and
B are allowed to vary such that a physically reasonable range
of rate parameters for hydrogen desorption is obtained. Note
that the model is modified to accommodate the change of only
these two parameters, while retaining the same set of parameters
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TABLE I: Model Parameters for the Decompositioa Reactions of
Ammoaia oa Platinem

parameter value ref

k% Ny, ammonia desorption 1 X 10" ¢! 11, 35
preexponential

Eqny, ammonia desorption energy 12 kcal/mol 11, 35

NH, ammonia probability of 1 11, 35

adsorption

k%N, nitrogen desorption 4x10%cm?s! 22
preexponential

Egn, nitrogen desorption energy 22 keal/mol 22

K%y, hydrogen desorption 0.01 cm?s™! 36, 37
preexponential

Eyy, hydrogen desorption energy 19 kcal/mol 36, 37

36, 37 hydrogen probability of 0.1 36, 37
adsorption

k%), k% surface reaction preexponentials 1.5 X 10'2 s~

E, surface reaction activation energy 16 kcal/mol

K, hydrogenation reaction 3% 1077 cms™!
preexponential

E, surface hydrogenation activation 28 kcal/mol
energy

K., exchange reaction preexponential 0.05 cm? s™!

Eq Ey-E, 4 kcal/mol
n, surface atom density 1 X 10" ¢cm™?
a parameter for hydrogen 5
desorption
B8 parameter for hydrogen 14 kcal/mol
d :

successfully used previously in all other cases. These parameters
are summarized in Table I.

The model results indicate that values of a and 8 which are
able to describe the inhibition data are not unique. For instance,
for both sets of parameters a = 5, 8 = 14 kcal/mol and a = 6,
B8 = 8 kcal/mol, there is close agreement between the model
calculations and the observed experimental values. In order to
discriminate between these and other sets of a and 8 which ac-
curately describe the inhibition data, Equation 6 was used to
calculate rates of production of NH,D and ND; for a partial

ratio of deuterium to ammonia of 1:5 with a total pressure
of 1.2 X 1073 torr. Comparison of these calculations with the
previous experimental results'¢ indicates that not all of the sets
a and 8 which describe the inhibition results can also describe
the exchange results. Indeed, a and 8 are unique within exper-
imental uncertainties, and their values are found to be « = 5 and
B = 14 kcal/mol. A sensitivity analysis of the model with respect
to a and @ indicates that the agreement with the measured values
degrades considerably if a and 8 are varied by more than £0.5.
For a = 5 and 8 = 14 kcal/mol, the variation in the activation
energy and preexponential factor for hydrogen desorption is from
19 to 10.6 kcal/mol and 1072 to § X 10~ cm? 57!, for nitrogen
coverages from zero to 0.6, respectively. (The maximum fractional
surface coverage of nitrogen under reaction conditions is calculated
to be 0.6.)

The calculated results based on these parameters are shown
in Figures 3 and 4. The correct reaction orders, —1.5 for hydrogen
and 1.0 for ammonia, are predicted under the conditions where
these values are observed experimentally. Each of the calculated
activation energies of the reaction also agree to within 2 kcal/mol
with the experimental values. In general, the inhibition decreases
as the temperature increases and the hydrogen coverage decreases.
The model calculations agree perfectly with the data near 690
K between 2 X 107 and 5§ X 107 torr, where the rate of decom-
position approaches the rate characteristic of pure ammonia.
Furthermore, the measured rates, which are also in qualitative
agreement with the model between 0.3 and 0.6 torr total pressure,
do not approach the noninhibited rate due to an insufficiently high
temperature in this case. However, our data and model (which
predicts that the inhibition should become negligible near 1090
K) are both consistent with previous results of Loffler and
Schmidt'? which indicate that the inhibition does indeed become
negligible under these high-pressure conditions between 1000 and
1100 K.
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Figure 5. Comparison of model calculations with the experimental ex-
change data for N,, NH,D, and ND, for Pyy, = 107 and Pp, = 0.2 X
107 torr. Previous model calculations are also shown to indicate the
improvement of the model prediction.

In addition, as may be seen in Figure 5, there is improved
agreement between the model calculations and the exchange data
when compared with the previously caiculated resuits using a
constant rate coefficient for hydrogen desorption.'* Specifically,
the maxima in the absolute rates of production of NH,D and ND,
are shifted to lower temperatures in qualitative agreement with
experiment. In addition, the low-temperature apparent activation
energy for the production of NH,D is calculated to be 8.7 kcal/mol
compared to the experimental value of 8.4 % 0.4 kcal/mol, while
it was estimated to be 10.1 kcal/mol previously.! The high-
temperature activation energy is determined to be 3.9 kcal/mol
compared to measured value of 2.2 % 0.1 kcal/mol (formerly
estimated to be 5.1 kcal/mol). For the production of ND,, the
low-temperature apparent activation energy is calculated to be
4.4 kcal/mol compared to the observed value of 4.0 + 0.4 kcal/mol
(previously calculated to be 5.9 kcal/mol), and the high-tem-
perature activation energy is calculated to be 8.9 kcal/mol com-
pared to the experimental value of 8.7 £ 0.6 kcal/mol (formerly
calculated to be 9.5 kcal/mol).

As discussed previously, the model results are relatively in-
sensitive to a variation in the nitrogen desorption rate coefficient
with coverage. This insensitivity arises at high temperatures
because the rate of decomposition of ammonia with and without
hydrogen present in the feed is controlled by the surface reaction
and desorption of ammonia. Under these conditions the nitrogen
desorption parameters approach the low coverage limiting values.
Since there is experimental evidence that the desorption parameters
of nitrogen do not vary appreciably over a wide range of surface
coverages,?? a single coverage-independent set of nitrogen de-
sorption parameters is expected to suffice, even for low temper-
atures where the reaction rates are sensitive to the rate of de-
sorption of nitrogen. This has been confirmed by the quantitative
agreement between calculated and measured values for the de-
composition of ammonia at low temperatures.'* Although it
appears that the nitrogen desorption parameters are coverage-
independent, they have been varied as well as the surface reaction
parameters for eq 2 and 3, with a functional form similar to eq
6. It was found that none of these parameters, when varied, could
give an accurate description of both the inhibition and the ex-
change chemistry, compared to varying the hydrogen desorption
rate parameters with coverage.

S. Discussion

The model results indicate that 6 varies from 0.2 to 0.6 between
0.3 and 0.6 torr total pressure and from 0.02 to 0.15 between 2
X 107* and § X 107? torr. Obviously, varying the hydrogen de-

11k,
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sorption parameters with 6y in eq 6 has a more pronounced effect
for pressures between 0.3 and 0.6 torr where the nitrogen coverage
is relatively high, than for pressures near 10~ 3 torr where the
nitrogen coverage is low. For the same reason, it is clear why the
original set of coverage-independent parameters is capable of
predicting reaction rates near 10~ torr while failing between 0.3
and 0.6 torr total pressure. Furthermore, the variation of the
nitrogen coverage with temperature between 0.3 and 0.6 torr total
pressure is rather constant for all partial pressure ratios of hy-
drogen and ammonia studied. For example 8y varies from 0.58
t0 0.32 for Py,/Pny, = 1 between 740 and 833 K, and from 0.34
t0 0.18 for Py,/Pny, = 2 within the same temperature range. This
is manifest by the relatively constant apparent activation energy
of 38 kcal/mol for the inhibited decomposition. Since the rate
of decomposition of ammonia is given by

Ryu, = 2k% N, (n0n)? exp(—Egn,/kT) (@)

a constant change in 6y with temperature will result in a constant
apparent activation energy. In contrast, the variation of nitrogen
coverage within the temperature range studied at pressures be-
tween 2 X 1073 and 5 X 107 torr is relatively large compared to
the variation at higher pressures, and, in addition, it is strongly
dependent on the partial pressure of hydrogen. For example, 8y
varies from 0.15 to 0.06 for Py,/Pny, = 1 between 580 and 720
K, while it changes from 0.15 to 0.015 for Py,/Pny, = 4. This
results in an increase in the apparent activation energy from 33
to 55 kcal/mol as the partial pressure ratio of hydrogen to am-
monia increases from 1 to 4.

Two possible pathways of inhibition were suggested in the
introduction, namely, hydrogenation of surface intermediates to
re-form ammonia and blocking of ammonia adsorption sites by
dissociatively adsorbed hydrogen. An analysis of the reaction
model will provide insight concerning the contributions from each
of these mechanisms. Although preadsorbed hydrogen is known
to block the adsorption of ammonia at low surface tempera-
tures,'!?! the contribution from this inhibition mechanism is minor
in our work because the maximum fractional coverage of hydrogen
on the surface under the reaction conditions studied is approxi-
mately 8 X 1072, Thus the hydrogenation of surface intermediates
is predicted to be the primary mechanism for the inhibition of
ammonia decomposition. A detailed understanding regarding the
nature of the backward (hydrogenation) reactions may be obtained
by considering the exchange reactions between ammonia and
deuterium. From our dissociative exchange mechanism,'*
NH,D is produced from a reaction between NH;(a) and deu-
terium adatoms, and ND); is produced from the successive deu-
teration of nitrogen adatoms. Similarly, NHD, is believed to be
produced by reaction of deuterium adatoms with NH(a), aithough
this reaction is not included in the model. Therefore, a comparison
of the measured relative rates of production of NH,D, NHD,,
and ND; indicates directly the contribution from hydrogenation
of NH,(a), NH(a), and nitrogen adatoms to the inhibition of
ammonia decomposition.

Previously it was determined that for a partial pressure ratio
of deuterium to ammonia of 1:5 with a total pressure of 1.2 X
1073 torr, the ratio of the rates of production of NH,D, NHD,,
and ND,, measured at the temperature corresponding to the
maximum value of the rates, is 1:0.17:0.02, respectively.'* For
a total pressure of 2 X 107 torr (Pp,/Pnu, = 1), the ratio of the
maximum rates is 1:0.5:0.07 for NH,D, NHD,, and ND,, re-
spectively. Clearly, an increase in the deuterium partial pressure
enhances the rate of hydrogenation of surface nitrogen relative
to the rate of hydrogenation of NH,(a). However, at these
pressures, hydrogenation of NH(a) remains the dominant
pathway of inhibition compared to the hydrogenation of NH(a)
and nitrogen adatoms, which form NHD, and ND,, respectively.
This experimental result is supported by the model calculations
which predict the ratio of the maximum rates of production of
NH,D and ND; to be 1:0.09 for Pp /Py, = 1 at 2 X 107 torr
and 1:0.17 for Pp,/Pny, = 4 at 5 X 10 torr total pressure. Thus
the calculated ratio agrees to within 20% with the observed ratio
at 2 X 1073 torr, the highest pressure at which the exchange
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experiment was conducted. Furthermore, an extrapolation of this
calculation for the exchange reaction to 0.4 torr total pressure
(Pp,/ Pnw, = 1) indicates that the ratio of the rates is 1:0.23 for
NH,D and ND, production, respectively. Hence, ratios of the
calculated rates, together with the experimetally observed values,
indicate that the hydrogenation of NH,(a) is the predominant
inhibition pathway over the whole range of pressures studied. To
summarize, the inhibition of ammonia decomposition is believed
to occur predominantly through the hydrogenation of NH,(a) to
produce molecularly adsorbed ammonia. This results in a re-
duction of nitrogen adatom coverage on the surface and conse-
quently the observed inhibition.

The functional form given by eq 6, which describes the de-
sorption of hydrogen, is an example of the so-called compensation
effect. Hence, the activation energy and the preexponential factor
vary in sympathy with coverage, reducing the observed change
in the value of the desorption rate. Witha = Sand 8 = 1
kcal/mol in eq 6, the value of the preexponential factor of the
hydrogen desorption rate coefficient at zero nitrogen coverage is
k%,34,(0) = 1072 cm? 5™, and E4(6) = 19 keal/mol; while the values
at hlgh coverage (On = 0.6) are k%, (6) = 5 X 10* cm?s™! and
E4(0) = 10.6 kcal/mol. This variation appears physically rea-
sonable since similar variations have been found experimentally
for the desorption rate coefficients of hydrogen as a function of
coverage.2** For example, studies of the adsorption and de-
sorption of hydrogen from Ni(100), Ni(100)-p(2X%2)S, and Ni-
(100)-c(2%2)S surfaces?* indicate that the presence of sulfur
reduces the values of the desorption rate parameters which
characterize hydrogen recombination. The activation energy of
desorption of 21.3 kcal/mol and the preexponential factor of 5
X 1072 cm? s”! on clean Ni(100) are reduced to 17.4 kcal/mol
and 4 X 10~ cm? s™! on the p(2X2)S surface, and to 10 kcal/mol
and 3 X 10~® cm? s™! on the c(2%2)S surface. The low value for
k%1, on the surface with half a monolayer of sulfur present, which
gives rise to the compensation effect, was suggested to originate
from severe steric hindrance to hydrogen recombination.?* The
same effect occurs except to a lesser extent in the case of a quarter
monolayer of sulfur. A similar change in hydrogen desorption
kinetics was observed when carbon was present on the Ni(100)
surface.?® For the Ni(100) surface with 0.25 monolayer carbon,
the activation energy for hydrogen desorption was 9.5 kcal/mol
with a preexponential factor of 10 cm? s™! in contrast to the clean
surface values of 21.3 kcal/mol and 5§ X 1072 cm? s™'. In addition,
the compensation effect has also been observed for hydrogen
desorption from Rh(111),% where the activation energy of hy-
drogen desorption was observed to decrease linearly by almost
10 kcal/mol, while the preexponential factor was found to decrease
by 5 orders of magnitude for hydrogen coverages varying from
0 to 0.5. This variation was attributed to the involvement of a
mobile precursor state of molecular hydrogen during desorption,
as described by Gorte and Schmidt.}! A similar precursor state
for hydrogen desorption, which occurs during ammonia decom-
position with finite nitrogen coverages, is certainly reasonable.

Compensatory behavior has also been attributed to multiple
adsorption states and to repulsive lateral interactions.’* Evidence
for these mechanisms may be obtained by analyzing thermal
desorption measurements of hydrogen on platinum. A recent study
of hydrogen desorption from the Pt(110)-(1X2) surface has re-
vealed the existence of two dissociatively adsorbed states.’* At

(24) Johnson, S.; Madix, R. J. Swf. Sci. 1981, 108, 77.
(25) Ko, E. I; Madix, R. J. Appl. Surf. Sci. 1979, 3, 236.
(16) Ynlel.Jr J. T.; Thiel, P. A.; Weinberg, W. H. Surf. Sci. 1979, 84,

(27) Christmann, K.; Ertl, G.; Pinet T. Surf. Sci. 1976, 54, 365.

(28) Ibbotson, D. E.; Wittrig, T. S.; Weinberg, W. H. J. Chem. Phys.
1980, 72, 488S.

(29) Engstrom, J. R.; Tsai, W.; Weinberg, W. H., in preparatioa.

(30) McCabe, R. W ; Schmndt,L D. Swrf. Sci. 19‘77 65, 189.

(31) Gorte, R.; Schnudt.l. D. Swrf. Sci. 1978, 76, 559.

(32) Galwey, A. K. Adv. Catal. 1977, 26, 247 and references therein.
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low coverages, hydrogen desorbs from a single state with a peak
temperature of approximately 360 K. This state becomes saturated
at higher coverages and a second peak in the thermal desorption
spectrum appears, initially with a peak temperature of approxi-
mately 260 K.>* Although an analysis in terms of activation
energies and preexponential factors has not been conducted, we
can compare these data on Pt(110) with thermal desorption spectra
generated for surfaces with different precoverages of nitrogen using
eq 6b,c to obtain the kinetic parameters for the desorption of
hydrogen. Thermal desorption spectra can be calculated by in-
tegrating the rate equation describing the desorption reaction, i.e.

Ryn, = n(dy/dt) = 2k%y (n,0y)? exp(-Eqy,/kT)

where k% y, and E, , are the preexponential factor and the ac-
tivation energy appropriate for a given nitrogen coverage. Thermal
desorption spectra were calculated for two surfaces, both with a
small fractional coverage (8 = 0.01) of hydrogen: a surface with
no nitrogen coverage, fy = 0, and a surface with 8y = 0.6. For
Oy = 0 (K%y, = 0.01 cm? 5™ and Egy, = 19 keal/mol), the
calculated hydrogen desorption peak temperature is 370 K, while
for Oy = 0.6 (K%4p, = 5 X 10~ cm? s and Egyy, = 10.6 kcal/mol),
the peak temperature is 250 K. The agreement of these results
with the thermal desorption measurements on Pt(110)** is con-
sistent with both multiple adsorption states and repulsive lateral
interactions. In the former case, adsorbed nitrogen blocks the
adsite for hydrogen which desorbs at 360 K. Therefore, as the
nitrogen coverage increases, the fraction of hydrogen adsorbed
in the high-temperature adstate decreases, while the fraction in
the low-temperature adstate increases. In the latter case, repulsive
interactions between nitrogen and hydrogen adatoms reduce the
hydrogen desorption energy, which mimicks population of the
low-temperature hydrogen adstate and the depopulation of the
high-temperature adstate. In addition, our calculations are
consistent with thermal desorption measurements of hydrogen from
Pt(111),*® which indicate two adsorption states with peak tem-
peratures of approximately 380 and 270 K. Since compensatory
behavior may be attributed to many different mechanisms, further
work is being conducted in our laboratory to characterize the
mechanism of hydrogen desorption from nitrogen-covered platinum
surfaces.

In summary, the mechanistic model given by eq 1-5 together
with eq 6 is able to describe quantitatively the decomposition of
ammonia, the isotopic exchange reaction of ammonia with deu-
terium, and the inhibition of the decomposition of ammonia by
hydrogen over a pressure range which spans 7 orders of magnitude
and over a temperature range of 800 K. The success of the model
attests to the general utility of analyzing kinetic data obtained
over a wide range of experimental conditions by using kinetic
parameters determined independently from UHV measurements.
Finally, an accurate description of the interaction of ammonia
with platinum up to a pressure of approximately 1 torr has been
obtained without hypothesizing any mechanistic steps or processes
which cannot be directly investigated at pressures amenable to
modern surface science techniques.

6. Coaclusions

The results of this study can be summarized as follows:

1. Inhibition of ammonia decomposition is observed for total
pressures between 0.3 torr (Py,/Pny, = 2) and 0.6 torr (Py,/Pyy,
= 2) and for temperatures between 740 and 850 K. Under these
conditions, the apparent activation energy is 38 % 2 kcal/mol,
and the reaction orders with respect to hydrogen and ammonia
are -1.5 £ 0.3 and 1.0 £ 0.2, respectively.

2. For total pressures between 2 X 107 torr (Py,/ Py, = 1)
and 5 X 107 torr (Py,/Pnu, = 4), inhibition is observed at tem-
peratures below approximately 650 K, where the reaction order
with respect to hydrogen approaches -1.5 £ 0.3 at low temper-

(35) Gland, J. L. Swf. Sci. 1978, 71, 327.
(36) Poeisema, B.; Mechtersheimer, G.; Comsa, G. Surf. Sci. 1981, /11,

519.
(37) Poelsema, B.; Mechtersheimer, G.; Comsa, G. Surf. Sci. 1981, /11,
L728.
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atures. The activation energy variés from 33 £ 3 kcal/mol for
2 X 1073 torr to 55 % 4 kecal/mol for 5 X 1073 torr total pressure.
The decomposition becomes uninhibited at high temperatures, and
the apparent activation energy is 4.5 % 0.2 kcal/mol.

3. The observed kinetics for the reaction of ammonia and
hydrogen on platinum are described quantitatively by a model
employing elementary surface reactions, where the rate coefficient
for hydrogen desorption is a function of the fractional surface
coverage of nitrogen adatoms.

4. The hydrogenation of NH,(a) to produce molecularly ad-
sorbed ammonia is the dominant factor in the inhibition of am-
monia decomposition.
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