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there will be no more I 
he 'll never say I any more 
he 'll 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 
he'll go on 
I'll be inside 
he 'll come to a place and drap 
drap and sleep 
badly because of me 
he 'll 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 more 
because of me 
there s nothing left in his head 
I'll 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 10-7 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 NH3 and ND3 and the 

NH3 + D2 exchange reaction over a polycrystalline platinum wire. The pressure 

was varied between 5 x 10-7 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 ND3 . 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 NH3 + D2 exchange reac

tion were employed together with adsorption-desorption parameters of NH3 , N2 

and H2 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 NH3 on the Pt( 11 0)-( 1x2) single crystalline surface at pres

sures between 1 x 10-6 and 2.6 x 10--a Torr and at temperatures between 400 and 

1000 K. Qualitatively, the kinetics is similar to those observed for ammonia 
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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 CHJ3COOH at 7 x 10-4 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 

13CO, CO, 13C02 , H2 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 13 CO and 13C02 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 10-7 and 7 x 

1 o-4 Torr and temperatures between 500 and BOO 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 10-4 

Torr and above, the rate of decomposition of the surface intermediate controls 

the overall rate of the reaction. At 675 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 
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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 .tha L 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, ~ 1 0-e Torr, to the understanding of commercial catalytic reactions that 

occur at considerably higher pressures, ~ 1 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( 1 00) 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 10--a Torr and several 

atmospheres (3-6). In Chapter 2 of this thesis, a micro reactor 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 10-7 

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 NH3 + D2 

exchange reaction on platinum. Absolute reaction rates have been obtained for 

these reactions at total pressures from 5 x 10-7 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 NH3 , N2 and H2 as well as reaction intermediates NH and NH2 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 10--a 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 13C-labeled acetic acid (CH3
13COOH) over a polycrystal

line platinum wire has been examined in the rnicroreactor and is described in 

Chapters 5 and 6. For an initially clean platinum surface, 13 CO, CO, 13C02 , H2 

and adsorbed carbon -12 are the major reaction products . The relative quanti

ties of 13CO and 13C02 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 10-7 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 10-1 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 198S) 

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 10-7 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 

Modem 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- 10-10-6 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 10-8 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 !()(X) Torr. In particular, the 
performance of this reactor is illustrated by cOnsidering the 
decomposition of ammonia over a polycrystalline platinum 
wire. 12 

I. REACTOR DESIGN AND OPERA nON 

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 dift"erent pressure re
gimes. Adapted from a design of Auerbach eta/., 13 the ma
nipulator is comprised of a doubly dift"erentially pumped 
housing, a shaft, which supports the catalyst sample, and 
three spring-loaded Teflon 0-rings, wh.;ch allow the shaft to 
be translated and rotated. A schematic t f the manipulatvr is 
shown in Fig. 1. The housing is a stainless-steei tube that 
contains the 0-rings and is welded to a 2i·in. flange for at
tachment to the reactor body. Two stainless-steel rings sepa
rate the 0-rings and align them with two 0.46-cm pump-out 
ports. A removable top plate secures the 0-rings in the hous
ing. The first port is pumped by a mechanical pump, whereas 

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 0.007S-cm-diameter W-S% Re/W-26% Re thermocou
ple, which is spot welded to the sample. Spring-loaded Tef
lon 0-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 0-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, Pb, by •. 

P.L =SPb, (I) 

where L is the leak rate of the seal, and Sis the speed at which 
gases are pumped away. The leak rate of a 14-in.-diameter 
seal is stated by Auerbach et a/. 13 to be 10-6 Vs. This corre-

3cm 
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Teflon O ~Rtnqs 

Mo1n Reoctton 
Chomber 

FtG. I. Crou lection of double dil'erentially pumped sample manipulator. 
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FrG. 2. Cross section ofmicroreactor body, showing rhe wire in position for 
experiments at both 10-•-um Torr and < 10-'-lo-• Torr. Ports for 
pressure measurement and the leak to the high-vacuum secnon, wh1ch are 
orthogonal to the inlet and outlet ftqw ports. are not shown. The volume of 
the baratroo and the accesa ports, together with the shaded regaon, as the 
reactor volume, 30 cmJ. 

sponds to 3.6 X 10-8 Vs for a !-in. -diameter seal. Assuming 
atmospheric pressure before the first seal and a pumping 
speed of to- 3 Vs (certainly a lower limit I, the pressure in the 
first section should be 2.7x w-z 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.Sx 10- 11 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 eatalytic surface ares 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 cm3• Surfaces that are exposed to high pres
sures are plated with 1.S x to-' in. of gold to suppress any 
reaction from occurring on the chamber walls. 

Four ports of fi-in. internal diameter, spaced 9('f 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 cm3 /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 w-• and 1 Torr, w-z and 100 
Torr, or 10- 1 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 

1440 Aft. Scl.lnatrum., VolM, No.7, Juty 1111 

the total reactor volume to 30 cm3
. 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- 10-6 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 w-s 
Torr. 

An advantage of the compact design of this micro reac
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 in 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 7S-Vmin mechanical 
pump. A Pyrex tube provides the leak to the high-vacuum 
section. (For example, a O.S-cm length of0.007S-cm-i.d. tub
ing is used for reactions at O.S Torr. I For reactions at pres
sures between w-• and w-z Torr, the inlet metering valve 
is replaced by a O.S-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 of0.46 em i.d. which, in addition to providing a 
leak for product detection, provides for the outftow of gases 
pumped by the difl'usion pump. Experiments at pressures 
between w-' and w-' Torr are conducted by opening the 
UHV 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 (CSTRI 
equation 14. r' 

R = . V (Pi - P1l, (21 
idk11 T, 

where R is the reaction rate (molecules/cm2 sl, Vis the reac
tor volume, id is the average residence time assuming CSTR 
conditions, k11 is the Boltzmann constant, T, is the gas tem
perature, and P; and P1 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 
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Flo. 3. Input function and output re1p0111e for an approximate step function 
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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 ftow rate of gas into the reactor is given by 

dn V dP 
di= k.r. di' (3) 

where n is the number of molecules and P is the reactor 
pressure. The average residence time for steady-state ftow 
under CSTR conditions at a pressure P0 may be expressed 
as•5 

_,Jd- 11 _ P0 

~- dP!dt,._,.. 
(4) 

The validity of asauming 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. 

II. CSTR APPROXIMATION 

Although continuous stirred tank conditions are fre
quently asaumed for experimcat&.in a&e.ciy-state llow ~ 
ton, 16-

19 the validity of the CSTR. approximation has not 
been examined directly in thele studiciL The CSTlluaum~ 
tion is inaccurate when the reactor baa an appreciable vol
ume, which allows back-misin.a. and whell there are dead 
volumes where mixing occ:urs inefticiently. The microreac
tor described here has been desiped to minimiu these unde
sirable effects. To examine the validity of the CSTll 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 a~ 
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 (t )dt is the fraction of 
eftluent with a residence time in the reactor that is between t 
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and t + 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 14 

I ( - t) R (t) = 7xp _,Jd , (5) 

where r"' is calculated from Eq. (4). In general, the actual 
RTD may be obtained from experimental response data by 
deconvoluting the linear response equation20 

Cou,(t) = i~ C;n(t- t ' )R (t ')dt', (6) 

whereC,n (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 computeR (t) 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 ftow conditions, r"' = 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 14 

x = i~ x(t ' )R (t ' )dt' , (7) 

where xjt ') is the integrated rate equation for a batch reac
tion. Assuming first-order kinetics, x(t) may be written as 

x(t) =I- exp{- kt), (8) 

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

x(t) = kt. (9) 

Substituting Eq. (9) into Eq. (7} yields 

x=k i~ t 'R(t')dt' . (10) 

From Eq. (10) the average residence time may be defined as 

TE!f. t'R(t')dt'. (Ill 
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Flo. 4. llelideDce time distributiona determined both experimentally from 
tbe data shown in Fia. 3 and computed uauming an ideal CSTR condition 
with~= 1.42 s. 
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FIG. S. Arrheni\15 plots of the rate of ammonia decomposition on platinum 
for ammonia pressures ofO.S, 0.2, 2 X w-•. I X w-•. 2 X w-•, I X w-• 
and S X w-' Torr. Lines have been drawn through the data points as a 
visual aid. 

assuming that R (t) is a normalized RID. Thus, the average 
convenion for an arbitrary RID and tint-order kinetics at 
low convenions is 

x=kr. (12) 

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

x'd = kr"i. (13) 

Consequently, comparing T and r"i determines quantitative
ly the error introduced by assuming ideal CSTR conditions. 
using the R m shown in Fig. 4, T computed from Eq. ( II) is 
1.47 s. Comparing this value to r"i = 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 
offtow 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. 

111. 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 

1«2 Rev. SCI.Inatrum., Vol. 5e, No.7, July 1115 

was monitored mass spectrometrically, and Pr• NH3 in Eq.(2) 
was determined from the overall reaction stoichiometry. 
Residence times were - 1.5 and 0.1 s for decomposition 
rates measured at pressures above I X 10- 3 Torr and below 
2 X 10-6 Torr, respectively. The range of observable rates, 
which already spans 7 orden of magnitude, may be extended 
further by increasing the residence time and by using a batch 
mode. 21 for the data of Fig. 5, average convenions were be
low 5%, except for temperatures above 800 Kat pressures of 
I X 10- 3 and2 X 10- 3 Torr, whereaverageconvenions were 
< 15%. The observed kinetics suggest, however, that even 
for these rather high convenions, Eq. (9) remains applicable. 
This and other aspects of the decomposition kinetics dis
played in Fig. S are discussed in detail elsewhere. 12 
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Chapter 3. 

Mechanistic Details of the Heterogeneous Decomposition 

of Ammonia on Platinum 

[Chapter 3 consists of an article coauthored with W. Tsai and W. H. Weinberg, 
which appeared in the Journal of Physical Chemistry 89, 3243 ( 1985) .] 
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Mechanistic Detala of the Heterogeneous Decomposition of Ammonia on Platinum 

1. Iatr..-.... 

J. J. Vajo, W. TMI, ... W,_ H. WemNrt* 

DlvutOtf of C/Nmi.Jtry 111111' CINmictli E11,tttHrlll8, Califonlia ltUtltldl of T~ell110loo. 
Pasad1rta.. Califontia 9/125 (Riuiwd: D«11P!Mr 26, 1984) 

Ablolu!e r.aioa ratea baw '-~ r~ the catalytic: decompolitioa of NH, and NO, and for the NH, + 0 2 exchange 
reaction_. a ~platinum wire at~ between S x 10'"1 and O . .S torr and temperatures between 400 and 
1200 Kin a c:oeUD-. flow microreactor. At relatively low preuures and/or hi1h temperatures. a primary isotope effect 
wu oblerWid for the clecampolitioa of ND,. illdic:atins that a surface reaction inYoiYiq N-H bond cleavage is the rate-limiting 
step. UDder tlae cooditioaa, the order of the decomposition reaction is unity with respect to ammonia pressure with an 
appare~~t activatioa eDCrl)' of 4.21a:alfmol. AI c:overagea increase, correapondina to relatively hiah pressures and/or low 
tempenturcl. the order of the decoutptWtioo l"CCKtion is z=o with rapect to &IIUIIOIIia. and the reaction rate becomes controlled 
by nitropo dclotption. In tbil cue the appara~t activation C1lei'JY of the decompolitioa n:ac:tion is 22 kcalfmol. The lcinetics 
of the NH, + 0 2 excbanae reactioa have been UJed, toaether with data concerning the adsorptioJHiesorption parameters 
of NH,, H1, and N 1 u well u the reaction intermediate& NH and NH2, to develop a mechanistic model which describes 
the reactioa rate over a wide ranae of experimental conditi0111 and which include& the energetics of each intermediate step 
in the decompolitioa reaction. This model is disciiSICid in terms of a potential energy diagram for ammonia decomposition 
on platinum. 

Intereat in the catalytic decomposition of ammonia on tran
sition-metal surfaces hu been motivated by ita relative simplicity 
as a heterogeneous reaction and by ita rdationlbip. via mia'ollcopic 
reversibility, to the syntheais of ammonia from nitrosen and by-

drogen. Althoqh tbe decompolition reaction on platinum surfaces 
hu been examined extenaively,l-1 a detailed mechanism which 

(I) L6lfler, D. G.; Scluniclt. L. D. J. Calli. 19'76, 4/,4-40. 
(2) L6lfler, D. G.; Schmidt. L. D. SIU/ Sci. 19'76, 59, l9S. 

0022-36.S4/8.S/2089-3243SOI..50/0 C 198.5 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. LOffier and Schmidt have studied 
the decomposition lcinetics on a platinum wire in a steady-state 
flow reactor with the ammonia pressure varying from 0.015 to 
10.5 torr. 1 In the temperature range between 600 and 1700 K. 
they were able to fit their data accurately with a single Lang
muir-Hinshelwood rate expresaion. However, the Langmuir
Hinshelwood rate expression provided no microiCIOpic: information 
concerning the individual, elementary reaction stepa, and the laclt 
of lcinetic parameters for the adsorption and desorption of NH3, 

Hz, and Nz precluded a critical evaluation of panicular lcinetic 
models. 

Recently, additional information has become available con
cerning the adsorption and de10rption lcinetica of NH3, Hz, Nz, 
and ~ble reaction intermediate& (NH and NHz.) on platinum 
surfaces. Thermal desorption mua spectrometry (TDS)l.l and 
electron eneray lou spectro~a>py9 of ammonia chemiaorbed on 
Pt( Ill) indicate the existence of two molecular states with de
sorption energies of I o-12 aod 18-20 kcal/ mol. respectivefy. The 
interactioo of hydroten with Pt(a)-9( 111 )X( 111 ), i.e., the Pt(997) 
surface, has been elegantly studied by using helium beam scat
tering.10.11 By monitoring the reduction in coherent helium 
scattcrina in the praax:e of dilordend hydropn adatoml, ilalteric 
heat.~ of aclsorption of 22 and 19 ltcal/mol were obtained for the 
step edges and the terracea, respectively. Since the activation 
energy for adsorption of hydrogen on platinum ia lmown to be 
small, 11 ·12 at liKllt 1 ltcal/mol, the meaaured iaoateric beau of 
adsorption are essentially equal to the activation enerJies of de
sorptioa. Moreover, •norma~• values of the preexpooential fader 
for a second-order desorption reaction of to-l-to-z ctn1js were 
obtained. 11 The desorption of atomically adsorbed nitroaen u 
Nz from a polycrystalline platinum ribbon has been investigated 
by lllina TDS.1l Nitrotcn dCiorptioa occurred with leCIDIId-order 
ltinetica, an activation energy of desorption of 19 ltcaljmol, and 
a preexponential factor of the desorption rate coefrlcient of 4 X 
t!J4 ctn2/a. Both of these rate parameterS were fOUDd not to vary 
with the fractional surface coverap: of nitrogen. 13 The activation 
energy for dillociative adlorption of nitrotcn on iroo surfaces has 
been estimated to be ~20 ltcal/mol depending on surface orien
tation and nitrotcn coverage. 14 Altbouah the adlorption kinetic~ 
of Nz on platinum surfaces have not been investigated directly, 
thresldd ioni7&tion mcuuremenu have esubliabcd the daorption 
of Nz• from a platinum ribbon with 20 ltcal/mol of vibrational 
excitation durina ammonia decompolition at a ..-ure of 0.1-1.4 
torr of ammonia and a temperature of 773-1373 K." Lucr
induced fluorescence has ·been used to de~ an apparent 
activation energy of 63-69 ltcaljmol for the delorption of NH 
radicala from a platinum wire in 0.1 torr of ammonia at 120o-1400 
K. 16•17 The deaorptioa of NHz raclicala wu not oblened under 
similar condition&. 

In the present worlt, we have meuared ablolute reaction ratea 
for the catalytic decompalitioo of NH3 and ND, and for the NH3 

(3) Gland. J . L.; KolliJl, E. B. Swf Set. 1911, UU, 471. 
(4) Guthrie, W.; Sokol. J .; s-jai, G. A. Swf Set. 1911, 109, 390. 
(5) ~A. J. B.; Wi11llaft. E. M.A. rr-. ,..., S«. IM'7, 6J, 

476. 
(6) Melt.-, C. E.; Emmett, P. H. J. ~- C-..o. 1,.., 61, 3311. 
(7) Lopa, S. Jl; Kcmball, C. TIWM. F..U, S«. IMI, J6, 144. 
(8) Gland, J. L. Swf. Set. 1m, 71, 327. 
(9) Sau., B. A.; Mitdlel, 0 . E. Swf Set. 1-. 99, 523. 
( 10) Poc1-. B.; Mech~. G.; c-, G. Surf. Set. 1911, Ill, 

519. 
(II) Poellcma. B.; Mech~.G.;<=-.G.Swf.Set. l911,111, 

L728. 
(12) ~ K.; Ert1. G.; Pi.-, T. Swf Set. lt76, 54, 365. 
(13) Wilt, M.; Da._. P. T. Surf. Set. lt76, 60, 561. 
( 14) Grwu:e, M. Ia "The C1lemical PbYiica ol Solid Svf- aDd H-

opaeoua Catalysia"; Kiftl, D. A.; Woodnalf, D. P., Ecla.; Ellmer. AIIIMer· 
dam. 1912; Vol. 4, p 150. 

(15) Foaer, S. N.; Hllllloa. R. L. J. 0...0. l'lly1. 1-80, 511. 
(16) Selwya, G. S.; LiD, M. C. CMIN. l'lly1. 1912.67, 213. 
( 17) Selwya. G. S.; Fujimoco. 0 . T.; LiD. M. C. J. l'lly1. a-.. 1912.86, 
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Sol'f'C)Ie MontpuiOtor 

Htq" Vocwm StctiOtl : 
()ffullon Putn9, 
Moss Spectrome .. , 
and Ion Gouqe 

5cm 

Aa- I. Cto.lel:tioll ol microreaetcr body sbowina tbe wire in position 
for c:xperimana at botb 10"l-J torr aDd 10"'-ur torr. Parts for pressure 
lllCUUteiiiCIIl &lid the leak to tbe hiah vacuum section, whic:b are or· 
tboaoaal to tbe inlet aod outlet flow poru. are not shown. The volume 
of the b&ratroa &lid tbe ac:ceu poru toptber with the shaded region is 
the rcac:tioa volume, 30 cml. The sample manipulator is deac:ribed in 
detail eilnbere. II 

+ Dz exchanae reaction from S x to-7 to 0.5 torr in the tem
perature ranae between 400 and 1200 K. We have used these 
data, tosether with the aforementioned independently measured 
reaulta, to clarify the detailed merptica of ammonia decomposition 
on platinum. 

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

The experiments were performed in a microreactor capable of 
steady-state flow and batch heterotlencous reactions on a wire, 
foil, or sinaie crystal surface. A detailed description of the ex
perimental system ia reported ellewhere. 11 The decomposition 
expa imellta were carried out owr resistively beated platinum wires 
in flowina ammoaia over a ranae of PNH, from 5 x lo-7 to 0.5 
torr. A differentially pumped sample manipulator wu used to 
traJIIIate and rotate the catalyst to different positions for ex
perimentl in varioua ..-ure f'e8imcl, as sbown in F"tpre 1. Two 
0.24-cnHiiameu:r copper lada were used to support and heat the 
platinum. wbich wu a 20-cm Jenath of 0.0 125-an-<iiameter high 
purity (99.~) polycrystalline wire wound into approximately 
2S coila of0.2s-ctn diameter. Temperatures were measured with 
a 0.007s.an diameter W-5' ~/W-26' Re thermocouple, which 
wu spot welded near the center of the wire. 

The main cbamber of the reactor, with a volume of 30 em' • . 
COIIIisu of a right-anale ultrahiah vacuum valve which is linked 
to a hiah vac:uum IOCtion throuab a mractable bellows connection, 
u shown in Fipre 1. Tbe preuure in the reactor wu measured 
with a11 MKS Baratron pup. A capillary lealc to a11 EAI 1200 
quadrupole IDUI apecuomet.er in the hi&h vacuum section enabled 
the product sipal to be monitored continuoualy by a CP/M Z-80 
bued microcomputer. The bue pressure of the hiah vacuum 
sectioo, wbich ia pumped by a liquid nilrOIGI trapped Varian 2-in. 
difflllioa pump. ia approximately 1 IJ4 torr. 

(IS) Vajo, J. J.; Tlai, W.; WuberJ, W. H. RID. Set. lllllnurt., ill JIRM. 
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I x 1~. and S X 10" torr. LiDea have bees drawn throop the data 
poiDta u • viaual aid. 

By manipulating the po1ition of the wire, the flow rate of the 
gases, and the pumping speed, experiment& wen: carried out at 
either 10-3-1 torr or I o-7 -1 o-5 torr. Tbe flow rate could be varied 
from 0.1 to 100 an3fs by adjusting the calibrated inlet and outlet 
vaM:a. Mean resideuc:e timcl in the reactor under thme CXJIIditiolll 
were adjustable between 0.1 and 10 s. Steady-state conversions 
wen: determined by monitorina the N 1 sipal with the mua 
spectrometer. The mua spectrometer wu calibrated by flowina 
stoichiometric mixtures of NH3, H1o and N 1, which comaponded 
to between I% and 10% conversion, through the reactor over a 
room temperature platinum wire and moaitoring the mfe 28 sip! 
with a total preasure of approximately I~ torr in the vacuum 
chamber. 

Reaction rate& were cak:ulated under steady-state conditions 
at conveniooa below 10% with the continuous stirred tank reactor 
(CSTR) equation1' 

R • (VjTkTJ(PNHJJ- PNHJJ) (I) 

when: R is the reactioa rate (molec:uleli(anls)), Via the~ 
volume, T il the averap residence time. k i1 the Boltzmann 
constant, T1 il the 1U temperature. and PNHJJ and' PNHJJ are the 
partial preuures of ammonia in the reactor auoc:iated with the 
feed and with the steady-state reactioa mixture, rcapectiYely. Tbe 
asaumption of a CSTR model for the reactor wu examined by 
a seriea of ~reapoaiC expcrimellta which indicated that the 
resideuc:e time distributioa in the reid« wu indeed approltimated 
well by a CSTR.11 

Tbe ammoaia used in thia ilmatiptioll- 99.99% anhydrous 
grade from Matheaon and wu purified ~ by freeze-thaw 
cyclea in a dry icc/acetone bath. The deuterated ammonia wu 
99 atom % deuterium from Merc:lt and wu used without further 
purification. 

Prior to the decompcllitioa experimcata, the platinum wire wu 
heated in lo-7-o.J torr of oxypn (99.99%) at 1100 K for 4 hand 
then reduad in to-7-o.J torr o{ hydropo (99.99%) under the same 
conditions. (The actual preaurea correapooded to the preuurea 
at which the decompo1ition of ammonia wu carried out subse
quently.) Thia treatment led to reproducible decompolition ratel 
of ammonia. 

J.E~ReRID 

3.1. Decompt»itio11 of Pure NH3. Absolute rates for the 
decompo~ition of ammonia are shown in Fiaure 2 as a function 

( 19) Smith. J. M. "Cbemicaa ~ KiDIDI»", Jrd eel.; Mc:Graw-HBI: 
New York, 1981. 
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Decompos1toon of ND3 
T. K 

• 1.0 x 165 Torr NH1 
;, 1.0x t(r3 Torr NO, 

10" L._....._~----~-~:-----'~ ....... ~~--':-~-::-'::--~ 
0.8 1.0 1.2 1.4 1.6 1.8 2 .0 2.2 

1.9f9-. K·l 

Flpn 3. Compan- or the rate or decompc»ition or N01 and NH,, 
both at I X I o-J torr. The inlet shows the hip-tempenture region with 
an expanded scale illuatratina the diffeTence in activation energy for 
decompo.itioa of N01 and NH1. Lines have been drawn through the 
data pointa for clarity. 

of reciprocal temperature for ammonia pressures between 0.5 and 
5 X lo-7 torr. At lower temperatures and higher pressures, the 
reaction rate becomea independent of ammonia pressure. For 
example, below approximately 550 K the decomposition rates at 
pn:8IU1'CII o{ 0.5 and I o-3 torr OCIIIVa"8'C 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 :t 2 kcalfmol, with an extrapolated intercept at I IT = 0 
of (6.4 :t 5) x lOll molecules/(cm1 s). 

At higher temperaturea 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 
Fiaure 2 for decompOiition at 10"-3 and 2 X to-3 torr. At higher 
and lower preuures only the zerc>order and first-order kinetics 
are oblerved, respectively. When the data for the three lowest 
pressures shown in Figure 2 are used, the order with respect to 
ammonia preuure is 0.9 :i: 0 .05. Concurrent with the increased 
dependence of the rate on ammonia preasure, the apparent ac
tivation energy docreuea from 22 kcal/mol to a high temperature 
limit of 4.2 :t 0.3 kcal/mol. The intercept at 1/T =- 0 for the 
high temperature rate il dependent on the pressure. Assuming 
a fint-«der depeDdalce and normalizing with respect to ammonia 
preuure yielda a value for the intercept of (1.4 :t 0 .2) x 1011 

moleculea/(an1 s torr). The activation energies and orders of 
reaction with respect to ammonia pre:saure agree well with earlier 
results of L6ffier and Schmidt, 1 although our absolute rates are 
a factor of 2-S lower. 

3.2. D«ompostti011 of Pun ND3. Fiaure 3 shows the rate of 
decompolition o{ dcuterated ammonia ND3, together with the data 
for NH3, both at 1o-3 torr. At low temperatures the rates con
verge, and the lcinetica for ND3 decomposition appear almost 
identical with thole for NH3• However, at higher temperatures, 
as shown in the inset to Fiaure 3, the activation energy for de
compolition of ND3 il S. 7 :t 0.3 kcal/mol compared to 4.2 :t 0.3 
kcal/mol for NH3• Thia difference in the activation energies is 
indicative of a primary isotope effect. A simple calculation as
suming a vibrational frequency of 3400 cm-1 for the N-H bond 
prediCt& an increued activation energy of 1.3 kcalfmol. These 
results inlply that, in the high-temperature (low activation energy) 
regime, a surface reaction involving the cleavage of at least one 
N-H bond il the rate-limitina step. Moreover, in regimes where 
the activation enetSY approachea 22 kcalfmol, the rate-limiting 
step apparently doea not involve N-H bond cleavage. 

3.3. ISOiope Exc~ R«lctiOM betw«11 NH1 aNi Deuterium. 
The result& of isotopic exchange experiments, performed to in
vestipte reactioaa of pouible surface intermediates (for example, 
NH1 and NH speciea, and N adatoms), are shown in Figure 4 
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Flawe 4. Ratel of production ol tbe produc:ta ol tbe NH, + 02 exchaqe 
reaction u a fwlction of reciprocal temperature at a Jmtial ~ ratio 
of NH1 to 0 2 of 5. Linea have been drawn tluoup the data points for 
clarity. 

for a partial pn:saure ratio of ammonia to deuterium of S:l with 
a total prcuure of 1.2 X Io-3 torr. Each of the three pouible 
exchange produas NHp, NH~ and ND1 ia oblerved. The ratio 
of the rates, calculated at the temperature correapondina to the 
maximum value of the ratea. ia I .00:0.17:0.02 for NH20 , NHD,. 
and N03, respectively. The values of the ablolute rates are 
approximate; they have been determined relative to the ablolute 
rate of nitrogen production by compariq the DWISpcctrometer 
sensitivity for nitrogen and NH1 and then usins that value for 
the deuterated ammonia products. Hen<:e the reaction rate for 
each of the exchanse products wu obtained by monitorina the 
parent ion peak intensity. On the buia of the measured fraa· 
mentation pattern of NHh the intensity of DWI 18 wu corrected 
for contributions due to cracking fragmentl of NO, and NH02• 

At high temperatures the apparent activation enerJY, determiDed 
by using a least-squares analysis, for production of NH20 ia -2.3 
2: 0.1 kcalfmol, while for NH~ and N01 the ~ues are -u 
2:0.3 and -4.1 2:0.4 kcaljmol, respectively. At lower temper· 
atures the rate of production of all three species chanpa in a 
similar manner, and the apparent activatioa enerJies become 8.4 
2: 0.4, 10.6 2: 0.6 and 8.7 2: 0.6 kcal/mol for NH20, NH~ and 
N03, respectively. The rate of ammonia decompolition, u de
termined from the rate of production of nitrogen, durin& the 
exchange reaction is also shown -in Ftpre 4. 

Similar experimentl were conducted at partial preaure rati01 
of ammonia to deuterium of 2: I and I : I with total pressures of 
1.5 X I o-1 and 2 X I o-3 torr, IUpctCtively. The activation ellel'8icl 
and position of the rate maxima are similar to those shown in 
Figure 4. The rati01 of the ratea. relative to NH20 , were 
1.00:0.28:0.04 and l.OO:O.S0:0.07 for NH20, NH01, and N03 
at pressure rati01 of 2:1 and 1:1, respectively. 

Steady-state rates for the decompOiition ol pure amaKlllia were, 
in all cases, achieved in a few scconda. In contrast, much longer 
times, often 5-10 min. were required for the exchange reactions. 
This observation may imply that amaKlllia and deuterium compete 
for the same adsorption sites on the platinum surface. lO 

4. Meclluildc MMelllla 
4.1. Simple Model for /Hcompositiofl of Pllre NH3• The 

similarity between the apparent activation enerJY of 22 kcal/mol 

(20) Klein, R. L.; Schmidt. L. D. J. C!t.llf. l'ltJ!I. 1911, 76, 3123. 

determined at low temperatures and the nitrogen desorption energy 
of 19 kcalj mol, 13 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 

NH3(g) ;: NH3(a) (2) 

NH3(a) - N(a) + 3H(a) (3) 

2N(a)- N1(g) (4) 

2H(a) - H2(g) (5) 

The decomposition rate of ammonia is given by 

RNH, • 2Jc0ci.N,(11,~) 1 exp(-Ed.N,/kn (6) 

where /r!l ci.N and Eci.N, are the preexponential factor and the ac
tivation en~rgy of the desorption rate coefficient of nitrogen, 
respectively; n, ia the number of surface sites per cm2, and 9N 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 revene of cq 3) can be neglected. 
The low convenion, <10%, maintained in our experiments satisfy 
these criteria. 

To calculate reaction rates based on this mechanism, the fol
lowing material balaDca for adsorbed ammonia and nitrogen were 
used 

11,(~,/dt) • (I-~- ~H)~NH,FNH1 -
lr!Jd.NH,fl.a8NH, exp(-£ci.NH,/kn- Jc0.8NH,IIs exp(-E,/kn = 0 

(7) 

n,(d~/dt)-

-2/r!ld.N,(11,~)2 exp(-Eci.N,/kn + /r!l,n,~H, exp(-E,/kn = 0 
(8) 

where ~NH, is the zero coverage limit for the adsorption proba
bility of ammonia; FNH, is the molecular flux of ammonia to the 
surface; and /r!l d.NH,• /r!l,. Ed.NH,• and £,are preexponential factors 
and activation energies for ammonia desorption and surface re
action rate ooeff'JCients, respectively. In these calculations we have 
employed the following asaumptions: (I) 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 ftrSt-order Langmuir kinetics is valid wben the 
lifetime of any precursor state to adsorption is shon compared 
to the time characteriati<: of sianif'ICaJit 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 eneray of the NH3 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 auumptiona ia discussed below. 

Note that the steady states given in cq 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~. Although the desorption energy for ni· 
trosen determined using TDS is 19 kcaljmol, to reproduce the 
oblerved activation energy at low temperatures it was necessary 
for Ed.N to be 22 kcal/mol. The kinetics observed at high tem
peratur~ were described accurately only when£, and /r!l, were 
16 kcaljmol and l.S X 1011 s-1, respectively. Thus, employing 
independently determined values for desorption of ammonia and 
nitrogen rau1ts in only two adjustable parameters. The systematic 
deviation of the model predictions from the experimental data for 
ammonia pressures of S x Jo-7, I x 1~. and 2 x I~ torr is 
accounted for at 1eut partially by the difrtculty in calibrating the 
reactor for ablolute rates at these low praaurcs. The agreement 
between the experimental data and the model calculation is ob
viously very good indeed. 
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TABLE 1: M..W ,.,._... ror me Dec ~ •• a adolt Ull botope 
ExcMI!p a..co.- ol A---..,. ~ 

parameter value ref 

k" d.NHJ ammonia deaorption I X 1014 s-1 3, 8 
preexponential 

EUIH, arnmcmia desorption enefiY 12 kcal/mol 3, 8 

SONHJ ammonia probebility of I 3, 8 
adJorption 

k"u<, nitroaen desorption 4 x lo-4 cm1 s-1 13 
preexpooential 

Eu<, nitrocen daorption eneraY 22 kcal/mol 13 
k" 4.Hr k" U. hydroaal deaorption 0.01 cm1 s-1 10, II 

preexpooential 
E4.Ht• Eu, hydroaal daorption enefiY 19 kcal/mol 10. II 
SOo, deuterium probebility of 0.1 10, II 

adlorptioa 
k",. k"l. k"2 surface reaction l.S X 1011 s-l 

preexpooentials 
E,.£1 surface reaction activation 16 kcal/mol 

enersia 
E,.HDJ surface reaction enefiY f~ 17.2 kcal/mol 

ND1 
k"_l hydrosenation reaction 3 X 1Ci11 em• s-1 

preexpooential 
£_2 surface hydrotenation 28 kcal/mol 

activation e12C1JY 
k"_l exchanae reaction O.OS cm1 ,-1 

preexpooential 
Eo~r £2- £_1 4 kcal/mol 
II, surface atom dcnaity I X 10" cm-l 

The mechaniam given by eq 2-S describea succ:esafully the 
tranaition from the ~er. high activation energy regime to 
the ftnt-order, low activation eneray regime. Consideration of 
the high· and low-temperature limits of eq H will elucidate the 
origin& of thia transition. Analysis of the model indicates that 
when the activation energy iJ ;e1s lccal/mol, ~ > 0.9. Conse
quently, in thia (low-temperature) caae the surface is a !mOlt 
saturated with nitrogen. If we set~ to unity, eq 6 becomes 

RNH, • 2kfl dJ4/'t 2 exp( -Ed14,/ kn (9) 

and the rate iJ independent of ammonia preaaure. In addition. 
from eq 9 I(J cak:ulated from the extrapolated intercept at 1/ T 
,. 0 of (6.4 n) X t()ll molecules/(cm2 s), iJ (3.2 :i: 2.5) X I~ 
cm2fs. The remarkable agreement of thia value with the value 
of 4 x lo-' cm2fs, determined by TDS,u subltantiatea further 
the fact that the deaorptioo of nitrop:n oootrolt the rate of readioa 
at low temperatura. 

For high temperatura and/or low ammonia preiiUrea. eq 6-8 
may be simplified. by aJiumina that~ and~. are small, and 
combined to give the rate expreaaioa 

kfi,SONH,FNH, exp(-£,/k.n 
R • (10) 

NH, kf!d)4H, exp(-Ed)4H,/kn + kfl, exp(-E,/kn 

from which the fnt-order dcP""'hw:Je 011 ammoaia preiiUre (flux) 
is eatabliabed. Utiliz:ina the valua in Table I, we see that kfl d14H, 
exp(-EdJ4HJkn ~ Jt:O, exp(-E,fk!'J. _Thua. tbe apparent act!· 
vation ener&Y at high temperatura IS pven by E, - Ed14H,· Thia 
expression illustrates clearly tbe origin of tbe isotope effect ob
served at high temperatura. Since tbe nooelementary surface 
reaction step, eq 3, involvs dillociation of three N-H bonds, the 
activation eDerJY for thia step, E,. should show an isotope effect. 
This is exactly what iJ oblerved. In order to model the data for 
ND3 accurately, it iJ neceaaary that E,.N!>J • 17.2 lccal/mol 
compared with 16 lccalfmol for NH3• This increase of 1.2 
kcal/mol comparea well with the experimentally oblerved increase 
of l.S lccal/ mol and with tbe theoretically predicted value of 1.3 
kcal/mol; these three results are identical within experimental 
uncertainty. 

Combinin& eq 1 with tbe relationship kfl d14H, exp(-Ed14HJ kn 
» kfl, exp(-E,/kn implies almo~t a complete adJorption-de
sorption equilibrium for ammonia. Thus, only a fraction, ap
proximately 10"3 at 1000 K, of the adlorbed ammonia reacts; the 
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t~ of ND1; (c) 2 X lo-4, I X lo-4, and S X Hi1 torr. 

remainder deaorbl molecularly. In contrast, for ammonia de
compoeition on iron surfaces, it has been proposed that this 
equilibrium is not established. 21 

An analysis of the model indicates that any coverage dependence 
of the rate parameten describing eq 2-S, within reasonable limits, 
would not affect the calculated rates sianificantly. For low tem
peratura and/or high pressures, the rate is given by eq 6, where 
~ is approximately unity. Thus, a variation of Ed.N, with coverage 
would chanae the oblerved activation eneray only slightly since 

(21) ErtJ. G.; H11ber, M. J. Clllal. 1-. 61, H1. 
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~ varies only slightly. Furthermore, both the observed linearity 
of the Arrhenius plots at low temperature and TOS results for 
nitrogen desorption from platinum 13 mitigate against any sig
nificant variation of Eo~.N1 with coverage. Since the rate of am
monia decomposition unaer 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 pat» 
logically large or small, respectively. Therefore, a variation of 
Ed.NH, and/or E, with coverage would not change the calculated 
rates at low temperatures and/or high pressures. 

For high temperatures and/ or low preiiiUJ'1S. a similar argument 
may be expounded. Under these conditiona the total surface 
coverage is small, and any changes in Ed.NH, or E, would be 
expected to be small. Moreover, since the rate of decomposition, 
which is accurately given by eq I 0, is relatively insensitive to the 
lrinetic parameters for nitrogen desorption, any variation in Ed.N1 which oocurs at these low aweragea would not affect the calculated 
values. Thus, the uaumption of coverase independent lrinetic 
parameten is valid inaofar u it does not significantly affect the 
model results. 

4.1.1 . Comparis011 of Simple Model with lmtf"'llir-Hilf
sh4/wood Raze Ex~ As mentioned previously, earlier data 
for ammonia decomposition under conditiona similar to thole of 
the present study were fit with a Langmuir-Hinlbelwood (L-H) 
rate expression.1 While the use of the L-H expression providel 
a oonaialent framework for dilcuaion of a IJeteroteoeoua reactioo, 
the inherent asaumption of a chemisorption equilibrium and the 
lack of information pertainina to individual elementary stepl can 
lead to various misconoeptiona. For example, a L-H analysis of 
the data for ammonia decomposition in the rlllt-order (hip
temperature) regime yields the heat of adaorption for ammonia. 
For ammonia decomposition on platinum, where we have seen 
that the equilibrium uaumption is justified, the calculated value 
is 16.7 kcalfmoJ,l compared to 12-18 kcalfmol determined by 
TDS.l.a However, a similar analysis for ammonia decomposition 
on iron, where an adsorptiOIHiesorption equilibrium is believed 
not to exist, 21 leads to a value IX 39 kcalfmol,ll which is too large 
by a factor IX 3 compared to direct determinations. W4 Moreover, 
the reaction rate coefficient in the L-H expression hu been in
terpreted as the rate coefficient for the desorption of nitrogen.25 

This implies that the apparent activation eDei1Y oblerved at high 
temperature is due to the difference of the desorption energies 
of nitrogen and ammonia, a conclusion which is inconsiltent with 
the isotope effect oblerved at hip temperatures. Compared to 
the L-H expression, the steady-state, noncquilibrium approach 
adopted in the current model is able to delcriwboth situationa 
where chemisorption equilibrium either is or is not attained. 
Moreover, the high-temperature limit of the current model is 
consistent with the oblerved isotope effect. 

4.2. Ki~~ettc Motklfor IMllOf¥ Excltmrp RM~t:tfct&f. Althouah 
eq 3 represenll the decompolition IX adlorbcd ammonia u a sinale 
lrinetic step, we expect that eq 3 is actually composed of three 
elementary stepe involving the sequcntiallc.a of hydrosen from 
ammonia, with NH2(a) and NH(a) u intermediate species. 
Assuming that the formation IX NH20, ~ and ND3 proceeds 
via the reverse of these three elementary dillociation reactiona, 
the results of the isotope exchange reactions contain conaiderable 
information concernina the energetic:& of the intermediate specie&. 
It has been proposed that exchanae of deuterium into ammonia 
on metal surfaces is a concerted reaction where N-H bond 
cleavage and N-0 bond formation occur simultaneoualy.l.» On 
the ba.sis of this idea, the exchange products would have evolved 
simply by sequential concerted reactions. In this case, the ex
change kinetica would provide no information concernins the 
intermediate specie& of decomposition. 

(22) IAlflcr, D. G.; Schmidt, L. D. J. C111Gi. 19'76, 44, 244. 
(23) G1"111Ue, M.; BoDo. F.; EttJ, G.; Weila, M. Appl. Surf Set. lt71. I, 

241. 
(24) Weia, M.; Ertl, G .; Nilldlb, F. Appl. Surf Set. tm, 1, 614. 
(25) Sec ref 14, p 173. 
(26) Kcmt.JI, C . hoc. R. Soc., S.r. A 1952, 114, 413. 

Vajo et al. 

We hel.ieYe, however, that the results shown in FigUre 4 indicate 
a dissociative as oppoeed 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 stepl. These steps 
cannot he a series IX concerted exchange reactions for the following 
reason. The maximum rate of production of NH20 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, ut·3 at m01t. 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 ma.t 1Q-4. Similarly, the probability for 
production of N03 is 10"'. For this mechanism, the ratio of the 
rates would he 1:10'"3:1()"4 for NH2D, NH02, and N03, respec
tively. Since this ratio is inconsistent with the experimentally 
oblerved rati01, we favor a dissociative mechanism. 

Since NH20 is the major product of the exchange reaction, 
we have developed a model in which only the production of NH2D 
is considered. Completely deuterated ammonia, N03, will be 
included later (in section 4.2.2) as a penurbation to the present 
model. Written mechanistically, the reaction stepe are the fol
Jowins: 

NH3(J) .,. NH3(a) (2) 

NH,(a) ;:::o NH2(a) + H(a) (II) 

NH2(a ) -- N(a) + 2H(a) (12) 

02(8) "' 2D( a) (13) 

NH2(a) + O(a) +:! NH20(a) (14) 

NH20(a) - NH20(g) (15) 

2H(a) - H2(g) (5) 

H(a) + D(a) - HO(g) (16) 

2N(a) - N2(g) (4) 

Assuming that the activation energies of desorption and the 
preexpooe:ntial factors of the daorptioo rate coefficients for NH2D 
and D2 are the same u for NH3 and H 2, respectively, the mass 
halance equations introdua: six new parameters, namely, fc01, fc02, 

fc0_1, E~o £ 2, and £_1, which are the preexponential factors and 
activation energies for eq II, 12, and 14, respectively. Funher
more, the kinetic parameters for the reverse of eq II are considered 
equal to thole for eq 14, and vice versa. Consistent with the 
previous model, the adlorption of deuterium is assumed to be 
governed by second-order Langmuir lrinetics, and the preexpo
nential factors and activation energies are assumed to be inde
pendent of coverage. However, the fractional surface coverage 
of hydrosen is included in all calculations. The material balance 
equationa indicate that the ratea of reaction depend on E 2 - £ _1 
only and, therefore, we define an effective activation energy, Ectr 
• £ 2 - E-1- However, the fractional surface coverage of NH2 
depends on £ 2 and £_1 separately. 

Rate~ IX production IX NH10 and decomposition of NH3 (when 
the flux of deuterium is zero) were determined by solving itera
tively the steady-state mau balance equations for ~"•' 80 , BH, 
aod ~- To fit both the exdlan&e data aod the decomposition data 
for NH3, the parameters .tO~o fc0. 1, E~o and£"' were varied. All 
of the parameters used are shown in Table I. As in the case of 
the previous model, the valuea of fc01 and £ 1 given in Table I are 
required to fit the hip-temperature data, while the lrinetic pa
rameters for the deaorptioo of ammonia, nitrogen, and deuterium 
were obUiDed from direct iDdepcndent measurements. The surface 
reaction preexponential factor fc02 wu arbitrarily, although rea
sonably, set equal to .t01. The match between the experimental 
results and the model predictions was leaa sensitive to the two 
remaining parameters, .tO _1 and Eetr. Their values were varied 
until the IDOit accurate dclcription of the data wu obtained. Even 
in this (leu sensitive) case, however, the pennisaible Wlriation in 
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Efllf ia only approximately I kcal/mol. 
In Figure 6 both the calculated and the experimentally do

termiued ratca of NH1D production an: shown tosetber with the 
rate of decomposition durin& the exchanp reaction. l11.1pec:tion 
eX rJ8UR 6 iDdicatca that the eoergetica eX the production eX NHP 
are reproduced reasonably well by the model. However, the 
calculated ratca an: shifted to higher temperaturea with respect 
to the experimental data. Thit shift may iDdicate the limitations 
of aiiUIJlins that the preexpoDCIItiaJ fac:ton and activatian enerzjca 
are ooostant. Indeed, a ~t activation energy and 
preexponential factor for the delorption of hydroaen is neceuary 
in order to deac:rihe accurately the inhibition eX the decomposition 
of ammonia by hydropn. This inhibition u well u the effect 
of varying the rate parameters for hydrogen desorption on the 
calculated rate of production of NH1D are dilcuJied in detail 
elsewhere.17 Also shown in Figure 6 is the rate of the decom
polition of NH 1 at I X I 0""1 torr. 8oth the model pedictions and 
the experimental data exhibit inhibition of the decomposition 
reaction in the presence of deuterium. Moreover, the model 
predicts accurately the oblcrved inhibition. Inhibition of the 
decomposition of ammonia by a variety of partial preaures of 
deuterium and hydropn baa been iuvatipted in detail and is 
reported elsewhere.17 

When the m.asa baJaDc:e equations for NH1(a) and NH1D(a) 
are used, the rate of production of NH1D may he written u 

lc,k,fmt,fo 
RNH,D • 1 + kfltf(lo + Ia) (17) 

where k.tr • k_1flc1 ancllc1 • ic0111, exp(-Etflcn, with similar 
expresaio11.1 for k1 and lc_1• At high temperaturea, lctlf(Bo + 8H) 
« I, due to the low coverage of hydropa and deuterium, <I o-J. 
(For example. k.,(lo + ~) • O.!S at T • 833 K.) Comequently, 
in this limit the rate expreaion becomes 

RNH,D. k.,Jc,Bmt,Bo (18) 

Analysis of the model results for ~H, and 8o shows that both 
ammonia and deuterium are within 0.1% of their respective ad· 
sorption-desorption equilibrium values. Therefore, the negative 
apparent activation eoerJiea oblerved at high temperaturea result 
from decn:asing equib"brium COYerallel eX lliiiiJIClllia and deuterium 

(27) Tsai, W.; Vajo, J. J.; WeinberJ, W. H., iD preparatioa. 
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as the temperature is increased. 
For low temperatures, 1000/T> 2. we fmd that k.n(ll0 + IIH) 

» I and llo > I 0 IIH. In this limit, the rate expression becomes 

(19) 

This eltpression is similar to eq I 0, which was derived for the 
decomposition reaction at high temperatures. However, in this 
case IINH, is not simply an equilibrium value since ~ 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 iaotope effect. 

4.1.1. Reductioll of Excluutge Mrxkl to Simple IJ«ompo.Jition. 
By equating the flux of deuterium to zero, the a beNe model reduces 
to a mechanistic model for the decomposition of pure NH,. From 
the valuca given in Table I, the predicted rates are elttremely close 
to those of the model discuued in section 4.1 . The difference 
between the two modela ia approltimately 5% at high and low 
temperatures, while the differeoce is largest, approltimately 20%, 
at 1000/T • 1.8 for 10""3 torr of ammonia. 

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

In order for the exchange model to describe accurately the 
decomposition of pure ammonia, it wu necesaary to have £ 1 • 

16 kcal/mol, which ia equal toE, of the previous model that wu 
described in section 4.1. This agreement between £ 1 and E, 
suuests that the iaotope effect, observed at high temperatures, 
involves cleavage of the first N-H bond. 

4.2.2. Product/011 of ND1. Since the fraction of adsorbed 
ammonia which exchanges to form NH1D is less than 10""3, the 
same argument that mitipted agailllt a concerted mechanism 
may be used to imply that c::omecutive dmociative eltcha.nges would 
not lead to the oblerved rate of production of ND3• A mechanism 
for the production of ND1 which involves consecutive dissociative 
exchanges of NH1(a) to form ND2(a) (subsequently ND3) with 
NH(a), NHD(a) and ND(a) u sequential intermediate& cannot 
he ruled out on the basis of our experimental data. We cannot, 
however, asaesa critically this particular mechanism since imine 
species such as NH(a) and NO( a) have not been included in our 
mechanism. Therefore. we postulate that the formation of ND1 
proceeds by succ:euive deuteration of nitrogen adatoms. The 
complicating pollibility of hydrogenation can he neglected because 
110 > 108H. This implies that the rate of addition of a hydrogen 
atom will he more than an order of magnitude lower than that 
for addition of a deuterium atom. Moreover, the rate of production 
of NH2D exceeds that of ND1 by approximately a factor of SO. 
Hence the production of ND1 via deuteration of nitrogen adatoms 
may be treated u a perturbation on the exchange mechanism, 
when: the calculated values of llo, ~. and Bmt will not be affected 
significantly by including the mechanistic steP. for the production 
of ND1• The mechanism may he written as 

N(a) + 2D(a) ;::! ND1(a) (20) 

ND1(a) + D(a)- ND1(g) (21) 

where the (small) probability that adsorbed ND1 will decompose 
hu been neglected. From the material balance equation for 
ND1(a), the rate may he expressed u 

(22) 

where k_1 • ic0_211,1 exp(-£_1/kn is the rate coefficient for eq 
20. At high temperatures, eq 22 reduces to 

RNo, • lc~-Mo3 (23) 

Differentiating the logarithm of RNo, with respect to fj • 1/ k T 
yields the followina expresaion 

O(ln ~) O(ln 110) O(ln RNo,) 
E-2 • -Efllf + ap- + 3 --ap- a{J {24) 
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..,._. 7. One-dimensional potcntial enerJY dia~RJD illuatratina from 
ri&bt to left tbo catalytic: decampolition o( NH3 aver Pt wb«e Ed.NH, • 
l2la:al/mol. E1 • l6la:al/mol. E,. • E2 - £_1 • -4 kcal/mol. £_2 • 21 
la:al/ mol. and 1 I tEuo1 ~ ll la:al/ mol. Noce that tbe catalytic: syatbeail 
of NH3 from N2 and H 2 is dcacribod by traveniq thia eDCrJY di&IRJII 
from left to riabt- The model pndicu an actifttioll eDerJY ror adlorpticxl 
or N2 mol~l~z of 16 kcal/mol. 

Usin1 the value for Et~r from Table I, the experimental value for 
the term involvinl RNDto and the model reaults for the terma 
involving~ and B0o we find that E_2 • 33 kc:al/mol. A similar 
analysis for the low-temperature data lives £_2 • 23 kc:alfmol. 
The difference between the high-temperature and low-temperature 
values apparently sugests that E-2 varies with covera1e. Since 
the activation energies have '-n UlllllleCl to be constant, we use 
an average of the high- and low-temperature values, £_2 • 28 :i: 
5 kc:al/mol. Assuming the preexponential factor of the rate 
coefficient k!'_2 to be 3 x 10"'17 cm4 s-1 and usin1 the values for 
~ and 80 determined from the excbanae model. the curve shown 
in Figure 6 was calculated for the production of N03• The 
agreement that is achieved between the model prediction and the 
experimental data is further evidence that N03 is produced via 
dcutcration of nitrogen adatoms. 

5.~ 

A one-dimensional potential CDCrJY diaaram dcsc:ribins the 
decomposition (or synthesis) of ammonia on platinum ia shown 
in Figure 7. This diasram wu conatructed from activation 
energies determined by usins the lti.netic models for the isotope 
cxchan1e and dec:ompotition reactiona, and independently do
termined kinetic parameters for adsorption and desorption oC 
nitrogen, hydJ'oaen, and ammonia. All activation eneriY for 
deaorpt.ion of ammonia of 12 kc:al/mol wu used for the model 
calc:ulationa. However, TDS iDdic:atel a lecoad molecularly ad
sorbed state of aiJUIIOilia with a delorptioa enerl)' of 18 kcal/ 
mol.u If 18 rather than 12 kc:al/mol ia Ulcd for the theoretic:al 
calculationa, the value determined for E1 chaqea from 16 to 22 
kc:al/mot Thia reau1t iDdil:ata tbat the at.olute leYd, with relpOCt 
to nitrosen and hydroaen in their ltaDdard uta, for the aaivation 
barrier to diaociation o( the fll'lt hydropll from aiJUIIOilia ia -7 
kcalfmol, u shown in Fisure 7, independe1lt of E4.NH,· 

A1Jo shown in Fisure 7 ia Et~r • E1 - E_1 which wu found to 
be 4 kcaljmol. Since the calc:ulated rata depend only on E1 -

E_1, the potential C11Cf1Y level for NHz(a) + H(a), which ia equal 
to -£_1 - 1 kcal/mol, CIDJIOt be determined from our kinetic 
model. This ia indicated by a duhcd curve in FIIUfe 7. However, 
the desorption of NH2 radicals during ammonia decomposition 
wu not detected experimentally by laser-induced fluorescence 
(LIF).''-17 Therefore, we expect that E-1 is small, probably <S 
kcal/mol; and consequently the fractional coverage of NH2 ia 
small, below the (unknown) limit of detection. With a value of 
44 kcal/mol for the heat oC formation of NH2,21 the potential 

(28) DeFrcc:a. D. J.; Hchrc, W. J .; Mciver. R. T.; McDaniel, D. H. / . 
PAy•. Cum. tm. 8J, 232. 

energy level for NH 2 + H(a) is 34.5 kcalfmol. The heat of 
adsorption of the NH2 radical on the platinum surface is, therefore. 
E_ 1 + 41.5 kcal/mol. 

Although the rate of production of NH02 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 6H9 kcal/mol. 16 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 

~NH • kfld.NHn.8NH cxp(-Ed,NHfkD (25) 

where k!' d.NH and Ed.NH are the preexponcntial factor and the 
activation C11CrJY of the desorption rate coefficient for NH radicals. 
Differentiating the logarithm of ~NH with respect to {J yields 
the negative of the observed activation energy 

O(ln R.i.NH) O(ln ~H) 
o{J ,. o{J - Ed.NH • -66 * 3 kcaljmol (26) 

Thus only for the special case where O(ln IJNH) I a {J = 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 fonn NH2(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 

RNH, • kf'NHn.8NH cxp(-ENHfkD (27) 

where k!'NH and ENH arc the preexponcntial 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 dcsc:ribcd in section 4.2, is approximately 
5 kcal/mol. Thus from eq 27 

o(ln RNH,) O(ln ~H) 
o{J .. o{J - ENH = -5 kcaljmol (28) 

Combining eq 26 and 28, we obtain the activation energy for the 
desorption oCNH rad.ic:a1s u 61 :i: 3 + ENH kc:al/mol. To compare 
this value with the energy determined in the present study, we 
require a value for the ablolute potential energy level of the barrier 
leading to decompoaition of NH(a) in order to express the de
sorpcioa C11CrJY in tcnn1 o( ENH. Since the isotopic exchange data 
for the productioa of NH02 have not '-n analyzed, this energy 
level may not be obtained from our kinetic model. We adopt the 
simplifyiq UIUIDpl.ioo that the NH(a) + 2H(a) potential energy 
well is symmetric:al. (Note that a more general case is shown in 
Fisure 7.) As shown in Figure 7, the absolute potential energy 
level of the barrier for the ltydropMtion of NH(a) to NH 2(a) 
is -3 kcal/mol. Therefore, usumins a symmetrical well, the 
abeolute level for NH(a) + 2H(a) is -ENH- 3 kcaljmol. Using 
a value of 85 kc:aljmol for the heat of formation of NH,29 the 
potential CDCI'JY lcve1 for NH + 2H(a) is 66 kcal/mol, where we 
have used E4JI

1 
• 19 kcalfmol. Consequently, the activation 

energy for the oeaorptioa of NH radicals is 69 + ENH kcalfmol. 
This value agrees with the value determined via LIF within the 
experimental uncertainties. 

The activation energy for hydrogenation of surface nitrogen, 
E-2 • 28 kcal/mol, is shown also in Figure 7. Comparing this 
value with the activation energy for desorption of molecular ni
trogen. 22 kc:al/mol, shows that nitrogen desorption is favored 
cncrgetically. Hydroaeoation of surface nitrogen to form ammonia 
has been studied by Pirug and Boazcl on a polycrystalline platinum 

(29) Graham. W. R. M.; Lew. H. C<UI. J. PAy1. 1971. 56, 8S. 
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foil by reaction of dissociatively adsorbed nitric oxide with hy
drogen. JO Although an activation energy for the hydrogenation 
reaction was not determined, an analysis of Pirog and Bonzel's 
data for the production of ammonia at a panial pressure ratio 
of hydrogen to nitric o;~tide of five (Figure 9 of ref 30) indicates 
almost quantitative agreement with our data for ND3 production 
shown in Figure 4. The activation energy at high and low tem
perature as weU as the temperature COl responding to the maximum 
rate are nearly identical. These resulu are consistent with a large 
energy barrier for the hydrogenation of nitrogen on platinum. 
Funhermore, since the ammonia produced in the NO + H2 re
action necesaarily resulu from hydrogenation of nitrogen adatoma, 
the agreement between the kinetics of ammonia production from 
NO + H 2 and the kinetics for ND3 production from NH3 + D2 
substantiates funher the assertion that ND3 resulu from deu
teration of surface nitrogen. 

Completion of the potential energy diagram using 3 I 2Ed.H
1 

• 

28.5 kcal/mol and 1/ 2Ed.11, • II kcal/mol resulu in an activanon 
barrier for the diuociative adsorption of nitrogen of 8 kcal/mol 
on an atom buis or 16 kcal/mol for molecular nitrogen. The beat 
of adsorption of a nitrogen molecule adsorbed dissociatively on 
platinum is predicted to be aothermic by 6 kcal/mol. Evidently, 
the energetics for dialociative adsorption of nitrogen on platinum 
have not been aamined directly. However, thermal desorption 
resulu have indicated an activated adsorption procesa. 1l.31 

Moreover, the probability of adsorption wu observed to be in
dependent of surface temperature aver a range between 90 and 
300 K. 13 This rau1t indicata that in addition to being an activated 
proceu, the diuociative adsorption of nitrogen is apparently abo 
a direct procesa,31 in which dissociation proceeds witltor,~t prior 
tltermlll eqwlibration of tire molecularly arhorlwd species wltlt 
tire surface. Direct diuociative adsorption of nitrogen on W(IIO) 
has been investigated by varying the incident translational CIICtJY 
of nitrogen with a helium-seeded molecular beam..l2 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 procesaes imply, through microscopic re
versibility. direct delorption proceaea. Therefore it is energetically 
possible, during NH3 decomposition, to desorb e;~tcited nitrogen 
molecules with acitation energiea as large u the activation barrier 
for adsorption. The acitation CIICtJY may be translational and.for 
internal depending 011 the detailed shape of the potential ener!)' 
surface. If only translational excitatioo is oblerved, the one-di· 
mensional potential energy diagram shown in Figure 7 providea 
an adequate deacription of the ~ [f vibrational or rotational 
e;~tcitation is observed, the fuU potential energy surface mUJt be 
taken into account. Vibrationally excited nitrogen with 20 
kcal/mol of e"cesa energy has been detected during ammonia 
decompositioo on platinum." The autbors attribute this internal 
e;~tcitation to a recombination reactioa involving adsorbed NH 
species. However, the observed vibrational energy may also be 
attributed to simple recombination of nitrogen adatotnJ, if the 
activation energy for acborption is at leut 20 kcaljmol. Con· 
sidering the following argument, we believe that under the con
ditions where vibrational excitation wu detected, the activation 
energy for adsorption may indeed be at leut 20 kcal/mol. There 
are numerouS examples where activatioo energiea for adsorption 
increase sharply with COYerage. For aample, the activation ena'l)' 

for adsorption of nitrogen on Fe( I 00) hu been shown to increale 
from an initial value of 2 to II kcaljmol at ~ • 0.2.H We 

(30) Piru .. G.; Bonzel. H. P. J. Catal. 1m. JO, 64. 
(31) For a recent I"C\'iew of activated~. see: Mania, M. A.; 

Bowker. M.; Kin .. D. A. In "ComprebcuiYe Cbemical Killetica"; Bamford, 
C. H .• Tipper, C. F. H .• Compton. R. G. Eda.; Ellerier: Amslerdam. 1914; 
Vol. 19. 

(32) I.a. J.; Maclix, R. J.; Scblacpi, J. E.; Auerbach, D. J. Swrf. Sci. 
1914, UJ, 626. 
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estimate that the fractional coverages of nitrogen were between 
0.3 and 0.5 under conditions where vibrationaUy e;~tcited 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 ~20 kcaljmol is not at 
all unreasonable. 

Observation of vibrationally e;~tcited nitrogen implies that the 
transitioo state for desorption occurs early, close to the reactants 
(nitrogen adatorns) on the nitrogen-platinum potential energy 
surface. For an accurate description of this type of adsorp
tion/desorption procesa, a multidimensional potential energy 
surface, as opposed to a simple one-dimensional description. must 
be employed. Meuuremenu 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(ll0).31·~ Comparing this result for adsorption 
on W(IIO) with deaorption resulu obtained on platinum suggests 
that the procesaes 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 nittoaen resembles two nitrogen ada toms. 
Described in tetiiiJ of a potential energy surface for an atom
diatomic molecule collinear collision,15 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 convened 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 doea 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. s,.,. 
The resulu of this study may be summarized as follows: 
I. For high temperatures and/or low pressures, a surface 

reaction involving the dissociation of the first N-H bond controls 
the rate of ammonia decomposition. The activation energy in this 
regime is 4.2 :t 0.3 kcaljmol, and the rate of decomposition 
exhibiu 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 :t 2 kcal/mol. is equal to the activation energy 
for desorption of nitrogen. 

3. The isotope e:xcllange reaction, NH3 + D2, produces aU three 
achange products. The mechanism for e"change is dissociative. 
In particular, reuonable agreement with the e"perimental data 
has been obtained uauming that ND3 resulu from deuteration 
of surface nitrogen adatotnJ. 

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. 

S. The diuociative adsorption of molecular nitrogen on plat
inum is an activated procesa with an activation energy predicted 
to be approximately 16 kcal/mol in the limit of zero surface 
coverage of nitrogen adatoma. 
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Chapter 4. 

Steady-State Decomposition of Ammonia on the Pt( 11 0)-( lx2) 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 10--{l and 2.6 x 10--{l 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 1 0--{l 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 24-26 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 N; 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 (LJF) 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 10-7 ~ PNH
3 
~ 0.5 

Torr and 400 ~ T ~ 1200 K), using independently measured adsorption

desorption parameters for NH3, N2 and H2 . The model implies that at low tern-
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peratures and/ or high pressures, nitrogen ada toms 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 10--6 and 2.6 x 10--e 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 our 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 10-10 Torr of reactive gases . The Pt(llO) crystal was oriented and 

cut from a single crystalline boule of platinum and was polished to within 1 a 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 1 o-7 Torr of oxygen at BOO 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) 
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(10). After cleaning and annealing, the (l x2) 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 15NH3 (99 atom% 15N) and 15ND3 (99 atom % 15N, 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 15NH:3 

Absolute reaction rates for the decomposition of 15NH3 by the Pt( 11 0)-( 1x2) 

surface are shown in Fig. 1 as a function of temperature at an effective pressure 

of ammonia of 2 x 10--a Torr. These data were obtained by exposing the clean 

surface at 900 K to a continuous flux of 15NH3 . The surface was then cooled at a 

rate of 2-3 K/ s while recording the 15N2 mass spectrometric intensity (12). 

Identical results were obtained by monitoring the H2 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 10-6, 1.7 x 10-6 and 2.6 x 10-6 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 15N2 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(1 10)-( 1x2) surface to 15NH3 at an effective pressure of 2 x 10-{l Torr. For 

each cycle, the initial surface 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 15NH3 , 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 15N2, as shown in Fig. 4, the H2 (or 

D2 during the decomposition of 15ND3) 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 N2 shown in Fig . 4, no h ys teres i s was obser ved f or t emperatures 
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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 10--a Torr and above 350 K, the most abundant intermediate on the Pt( 11 0)

( 1x2) 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 10-6 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 ada toms was determined to be 2.1 x 10 15 em -2 by calibration against the 

lmown 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 selecting 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 r apidly 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 -Ed.N2(~)/kB (16). Using this 

procedure , the activation energy for the desorption of nitrogen from the 

Pt( 11 0)-( 1x2) 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( 11 0)-( 1x2) surface at 2 x 10-6 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 15 cm-2 (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 

NH2 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 UF 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( 11 0)-( 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 kcallmole 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 

ammonia 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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SNH3FNH3 

NH3 (g) : NH3(a) , (1) 

kiJ..NH3 

k 
NH3 (a) __; N(a) + 3H(a) , (2) 

(3) 

and 

(4) 

where SNH3 is the probability of molecular adsorption of ammonia, FNH3 is the 

flux of ammonia to the surface, and kd,NH3, kr, kdN
2 

and kd.H
2 

are the rate 

coefficients of the four surface reactions . Each of these rate coefficients may be 

written as ki = kl0lexp[ -~/k8T] with (assumed) coverage-independent preex-

ponential factors ki(o) and activation energies ~ · 

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 Eqs. ( 1)-( 4) has been used successfully to describe 

the decomposition of ammonia by polycrystalline platinum at pressures between 

5 x 10-7 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)-( 1x2) 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( 11 0)-( l x2) have been measured independently (15). For the model results 

shown in Figs. 2 and 3, Ed.N
2 

= 24.5 kcal!mole. However, essentially identical 

results were obtained with either Ed.N = 24 kcal / mole and k~<M = 3 x 
2 . 2 

10-8 cm2/s , or Ed.N
2 

= 26 kcal!mole and ~?J-2 = 2 x 10-7 cm2/s. This range of 

Ed.N
2 

was measured directly during ammonia decomposition on Pt( 11 0)-( 1 x2) , as 

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

k~o) and Er-Ed.l'IH
3

· The measured rates at high temperatures were described 

best by Er-Ed.NH
3 

= 0.5 kcal!mole. For comparison, Er-Ed,NH
3 

= 4 kcal!mole is 

required to describe the decomposition of ammonia on a polycrystalline plati-

num wire (3). 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 Eqs . (1)-(4) yields the steady-state coverage of each adsorbed species. 

AB 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 10-6 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 NH3 + D2 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 16 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 

;G20 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 (3). 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 micro crystallites enables comparisons to be made with the Pt( 11 0)

( 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( 11 0)-( 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 Ed.N
2 
= 

22 and 24.5 kcal!mole for the polycrystalline platinum and the Pt(11 0)-(1 x2) 

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( 11 0)-(l x2) 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 Ed.N
2 

for both the polycrystalline platinum surface and the 

Pt( 11 0)-( l x2) 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 (3) 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)-( 1x2) yields a reaction probability of (2-5.5) 
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x 1 o-3 at 1 I T = 0. The measured reaction probability at 1 IT = 0 for the polycry

stalline platinum surface is (2 .4-3 .3) x 10- 3 (3). Based on the model embodied 

by Eqs. (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 Er-Ed.NH
3 

(3). Values for Er and/or Ed.NH
3

, individually accu

rate to within the measured di.fference in activation energy of approximately 3 

kcallmole, are not available. Thus a determination of the relative contributions 

from changes in Er and/or Ed.NH
3 

is precluded. The observed difference in activa-

tion energies and the similarity of the reaction probabilities at 1 I 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( 11 0)-(1x2) surface is greater than that on the polycrystalline surface. For 

example, at 2 x 10-a Torr and 800 K. the reaction probabilities are 1.6 x 10 -3 and 

2.0 x 10-4 for the Pt(110)-( l x2) 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(1 10)-(lx2) i 5 

qualitatively similar to that observed on a polycrystalline platinum surface . 

Under conditions where the reaction rate is linearly dependent on ammonia 

pressure, the observed activation energy is 1 ± 1 kcallmole . 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 10-a Torr . For temperatures below 400 K. the 
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Pt( 11 0)-(lx2) surface is saturated with nitrogen adatoms . At higher tem

per atures, 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 ada toms on the Pt( 11 0)

(1x2) surface . 

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

producing molecular n itrogen during ammonia decomposition at 2 x 1 o-6 

Torr. 
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Table 1. Model Parameters for the Decomposition of Ammonia on Pt( ll 0)-( l x2) 

Parameter Value Ref. 

Sz!ks Ammonia probability of adsorption 1 3 

k£34H3 Ammonia desorption preexponential 1 x 10 14 s-1 3 

k(O) r Surface reaction preexponential 1 x 1011 s-1 

Er-Ed.NH3 Difference between surface 0.5 kcal!mole 

reaction and desorption activation energies 

k£~2 Nitrogen desorption preexponential 4 x 10-a cm2/ s 3 

Ed,N2 Nitrogen desorption activation energy 24.5 kcal!mole 

k£~2 Hydrogen desorption preexponential 3 x 10-4 cm2 / s 15 

Ed.H2 Hydrogen desorption activation energy 19 kcal!mole 15 
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Figure Captions 

Fig. 1. 

Fig. 2. 

Fig . 3. 

Fig . 4. 

Fig . 5. 

Fig. 6. 

Steady-state decomposition of 15NH3 on Pt(110)-(1x2) at 2 x 10-6 

Torr. The surface was exposed to a continuous flux of 15NH 3 at an 

initial temperature of 900 K and then cooled at a rate of 2-3 K/s 

while recording the 15N2 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 

10- 6 Torr, (B) 1.7 x 10-6 Torr; and (C) 1 x 10-6 Torr. The continuous 

lines represent the results of model calculations, as discussed in the 

text. 

Thermal desorption of 15N2 from Pt( 110)-( 1x2) during the steady

state decomposition of 15NH3 at 2 x 10-6 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 15N on Pt( 110)-( 1x2) during the 

decomposition of 15NH3 at 2 x 10-6 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 15N2 from Pt( 11 0)-( 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 15NH3 at 2 x 10-6 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 CH3 
13COOH on a polycrystalline platinum surface has 

been examined at temperatures between 300 and 900 K during continuous expo

sure to CH3 
13COOH at 7 x 10--4 Torr. On an initially clean platinum surface 13CO, 

CO, 13C02 , H2 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 BOO K, the carbon over

layer that is formed is graphitic and saturates at carbon adatom concentration 

of (2 .6-3.5) x 1015 cm-2 . The relative quantities of 13CO and 13C02 that are pro

duced depend both on the surface temperature and the carbon coverage. Lower 

temperatures and higher carbon coverages favor the production of 13CO. 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, C02, H2 and H20 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(11 0) (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 C02 with the simultaneous 

production of H2 at 460 K when employing a linear heating rate {j of 7.1 K/ s. For 

the surface formate , decomposition to C02 and H2 occurred at 404 K with {j = 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 C02 product ratios of 0.3 (11) and 1.6 (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 C02 and H2 with only minor amounts of CO and H20 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, C02 and H2 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 C02 . 

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 

C02 ,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 1 o-4 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, C02 , H2 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 (CH2CO) 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 em length of 0.0125 em 

diameter high-purity (99 .99%) polycrystalline platinum wire. Acetic acid 

(reagent grade, 99.7%) and CH3
13COOH (99 atom % 13C, 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 EAl 1200 quadrupole mass spectrometer located in a high vacuum 

section of the reactor of which the base pressure is below 10-e Torr . The abso

lute quantities of CO, C02 and H2 produced during acetic acid decomposition 

(and of C02 and CO produced during oxygen titration measurements) were 

determined by calibrating the mass spectrometer using feeds with known con

centrations of CO, C02 and H2 . 
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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 {3 of 20 K/s. For the decom

position experiments, the same power supply was used to provide temperature 

ramps with {3 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, C02 , H2 , C}4, H20 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 10--4 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, 

C02 , H2 and CH4 pass through maxima and then decline to their background 

values. Coincident with the decrease in the rate of production of CO, C02 , H2 and 

CH4 , the production of water and ketene is observe<\ 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 C02 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 Cfls13COOH 

In order to investigate further the surface reactions of acetic acid which pro

duce CO, C02 , H2 and adsorbed carbon, continuous flow decomposition measure

ments were made with CH3
13COOH 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 13CO, CO, 13C02 and H2 during 

exposure of the initially clean platinum surface at 300 K to 7 x 10-4 Torr of 

CH3
13COOH with heating rates of 50-54 and 4-6 K/s, respectively. The results 

shown in Fig . 3, which are similar to those in Fig. 1, indicate that 13C02 and H2 

are the major decomposition products. In addition, both 13CO 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 4-6 K/s, CO, 13CO and H2 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, C02 and H2 can be produced by increasing the 

surface temperature. However, surfaces heated to BOO K or higher are deac

tivated completely with respect to the formation of CO, C02 and H2 . 

An absolute calibration of the areas under the 13C02 curves indicates the pro-
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duction of increasing amounts of 13C02 with increasing final surface tempera

tures (for temperatures below BOOK) . A maximum of (2.5-3.1) x 1015 molecules

cm-2 is produced for surface temperatures above BOO K. Calibration of the 

quantities of H2 and 13 CO that are produced indicates a molar ratio of H2 to 

total 13C (i.e. 13C02 + 13 CO) of approximately two, independent of final tempera

ture. 

The fraction of acetic acid which decomposes to 13CO, determined by the ratio 

of the area of 13CO to the total area of 13CO, is shown in Fig. 5 as a function of 

heating rate . Figure 5 quantities the qualitative trend observed in Figs . 3 and 4. 

For low heating rates , 13CO is the major product with respect to 13C02. As the 

heating rate increases, the fraction of acetic acid that decomposes to 13CO 

decreases to a limiting value of 0.35 ± 0.05 . The ratio of the amount of 13CO pro

duced to the total amount of carbon monoxide produced ( 13CO + 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 13CO 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, C02 and H2 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 C02 and CO indicate the desorption of approximately 3 x 1013 and 4 x 

1014 molecules-cm-2 , respectively. 

3.4 Oxygen Titration Measurements 

Carbon adatom concentrations, determined by the CO and C02 mass spec

trometric intensities during reaction in 3 x 10-4 Torr of oxygen at 900 K, are 

shown in Table 1 (following 90s exposures to acetic acid at pressures of 10-e , 7 x 

10-4 and 0.1 Torr at 900 K) . The concentrations of surface carbon from 

ethylene decomposition and both 13C and 12C from CH3
13COOH 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. ln 

addition, for the decomposition of acetic acid, more than 95% of the surface car

bon originates from the methyl group. For comparison, the surface atom densi

ties of Pt( l1 1) and of the basal plane of graphite are 1.5 x 1015 cm-2 and 3.8 x 

1015 cm-2 , respectively. 

3.5 E11ects of Surface Carbon 

The effects of adsorbed carbon on the decomposition of acetic acid were 

investigated by determining the fraction of acetic acid (CH3
13COOH), which 

decomposes to 13CO on surfaces with varying initial fractional coverages of 12C. 

ln 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 ((3 = 50-54 K/s), and the fraction of 

acetic acid which decomposes to 13CO 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 13CO 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 13CO and 13C02 on the carbon-covered surfaces , compared to the initially 

clean surface. 

4-. Discussion 

4-.1 Reaction Stoichiometry 

The decomposition of CH3
13COOH on an initially clean polycrystalline plati

num surface yields predominantly 13CO, CO, 13C02 , H2 and adsorbed carbon 

[ C( a)]. Small quantities of 13C( a) and C~ are also produced. Two overall reac

tions can account for the major products, namely, 

(1) 

and 

(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 13CO and CO are produced, independent of surface temperature (and 

heating rate). If any acetic acid decomposed to form water via 
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(3) 

then more 13CO than CO would necessarily have been produced. Furthermore, 

the saturation carbon adatom density of (2.6-3.5) x 1015 atoms-cm-2 , deter

mined from oxygen titration measurements, is equal to the total number of 

13C02 molecules that are produced, (2.5-3.1) x 1015 atoms-cm-2 . 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 

H2 to the total amount of 13C that is produced, which is inconsistent with the 

stoichiometry of reaction (3). Furthermore, C02 is not a major reaction pro

duct. This conclusion follows from the observation that equal quantities of 13CO 

and CO and negligible quantities of 13C(a) are produced. The production of C02 

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 

(20). 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) (12,13) 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 CHJ 3COOH. The acetate may 

decompose by either C-13C or 13C-0 bond cleavage. Since surface reaction(s) of 

13C02(a) do not occur due to its short residence time (25), C-13C bond cleavage 

in the acetate leads directly to the desorption of 13C02 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 H2 . Decomposi

tion of the adsorbed acetate via 13C-0 bond cleavage followed by C-13C bond 
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cleavage produces 13CO(a), O(a) and CHs-x(a) + xH(a). Subsequent surface reac

tions of these species could lead to either 13C02 and C(a) or 13CO and CO depend

ing on the relative rates of oxidation of 13CO(a) and C(a). However, as dis-

cusssed below, the oxidation of 13CO(a) was found not to be a major reaction 

pathway. Since water is not a reaction product, all of the hydrogen desorbs as 

The peak temperatures of 425 and 440 K, observed for the desorption of C02 

and H2 following adsorption of unlabeled acetic acid, are indicative of reaction-

limited kinetics. The small difference in peak temperatures observed for C02 

and H2 is due to the decomposition of CH species on this surface. In addition, 
X 

H2 production during the continuous flow transient decomposition experiments 

is coincident with the production of 13C02 , as shown in Figs . 3 and 4. These 

results imply that the reaction step that controls the overall rate of produc-

tion of 13C02 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 13C02 , as may be seen in Fig. 4 (26). Since C02 would desorb immediately 

upon formation at these temperatures, the C(a) which ultimately appears as CO 

is necessarily produced together with 13CO(a) and O(a), i.e . via 13C-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 13CO(a) 

are present on the surface and, therefore, have equal probabilities of being oxi-

dized to C02 and 13C02 , respectively. Since C02 was shown not to be a reaction 

product, the oxidation of 13CO(a) to 13C02 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 13 CO on the platinum wire declines, as shown in Fig. 5. 

This dependence implies that the reaction channels which produce 13C02 and 

13 CO have different activation energies. For two competing reactions, the tem

perature dependence of the relative rates is given by exp[ -(E1 - E2)/kBT], where 

E1 and E2 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-13C bond cleavage produces 13C02, whereas initial 13C-0 bond cleavage leads 

to the production of 13CO. Therefore, the dependence shown in Fig. 5 indicates 

that the apparent activation energy for the formation of 13C02 larger than the 

apparent activation energy for the production of 13CO. 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( ll O) and Ru(00 1) 

surfaces (9,11,13). 

4.3 Etlects of Surface Carbon 

For carbon adatom concentrations of approximately 3 x 1015 cm-2, the reac

tions producing 13CO, CO, 13C02 and H2 from CHJ 3COOH are poisoned completely. 

However, for lower carbon coverages, these reactions are not poisoned totally, 

and the fraction of the CHJ3COOH which decomposes to 13CO 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 13CO increases . 

This result implies that while both reactions are ultimately poisoned by 

adsorbed carbon, the reaction producing 13C02 is poisoned selectively. Since the 

reaction pathways producing 13C02 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 (2) 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 1015 cm-2 , corresponds to approximately one monolayer 

of the basal plane of graphite , 3.8 x 1015 cm-2 . 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( 11 0) surface to ethylene at temperatures above 600 K led to the 

formation of an overlayer with a surface carbon atom concentration of 3.35 x 

1015 cm-2 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 t hat 

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, CHJ 3 COOH at 7 x 10-4 

Torr decomposes at temperatures above approximately 400 K to 13 CO , CO, 

13C02 , CH4 , H2 and adsorbed carbon. The adsorbed carbon eventually pois

ons the reactions that produce these products. 

2. At temperatures above approximately BOO K. the carbon overlayer is graphi

tic with a carbon adatom concentration of (2 .8-3.5) x 1015 cm-2 . 
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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 13CO relative to 13C02 

depends both on the surface temperature and the carbon adatom concen

tration. The production of 13CO is favored at lower temperatures and higher 

carbon coverages. 
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Table 1. Surface Carbon Atom Concentrations Pc · 

Decomposed Pressure, Pc. 

Species Torra 1015 cm-2 

Acetic acid 1 X 10-6 1.5b 

7 X 10-4 2.6-3.5c 

0.1 5.9b 

Ethylene 7 X 10-4 2 .4b 

CHJ 3COOH 7 X 10-4 3.ob (1 2c) 

0.15b(13C) 

a All exposures were for 90 s at 900 K. 

bValue determined from a single measurement . 

cvalues indicate the range of six measurements. 
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Figure Captions 

Figure 1. Time evolution curves for the production of CO, C02 , H2, Cf4, H20 and 

CH2CO (ketene) during constant exposure of an initially clean plati

num surface to acetic acid at 7 x 10-4 Torr. At t=O, 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. 

Figure 2. Time evolution curves for the production of CO, C02 , H2 , CH4 , H20 and 

ketene during continuous exposure to acetic acid at 7 x 10-4 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 . 

Figure 3. Rates of production of 13CO, CO, 13C02 and H2 during exposure of an 

initially clean platinum surface to CHJ3COOH. At t=O, the tempera

ture was increased from 300 to 900 K with a linear heating rate of 50-

54 K/s . 

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

face temperature is 545 K. 

Figure 5. Fraction of acetic acid that decomposes to 13CO 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 13CO and 13C02 

curves . The areas were corrected for relative mass spectrometric 
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sensitivities and pumping speeds. 

Figure 6. Fraction of the total number of carbon monoxide molecules pro

duced during the decomposition of CHJ3COOH which is 13CO as a 

function of the heating rate. 

Figure 7. Fraction of the CHJ 3COOH tha t decomposes to 13CO relative to 

13CO + 13C02 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 6. 

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 10-7 and 7 x 10-4 Torr and temperatures between 500 and BOO 

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 

1 o-4 . 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 10-4 

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 ar e 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 r eactivity and the selectivity of a 

catalytic reaction may be illustrated by considering the decomposition of formic 

acid on the Ni( 11 0) surface (6). Since formic acid decomposition may produce 

either CO or C02 , the relative rates of these competing reactions provide a meas

ure of selectivity. On the clean Ni( 11 0) surface, the C02 to CO product ratio 

observed upon heating a saturation coverage of formic acid at 315 Kis 1:1. On a 

carbided Ni( 11 0) surface, formed by the dissociative adsorption of ethylene at 

600 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 C02 production 

from 390 to 440 K indicates that the activation energy for C02 production is 

greater on the carbon-covered surface compared to the clean surface. Upon 

exposing the Ni( 11 0) surface to ethylene at BOO K, a graphitic over layer 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 
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wire was studied in our laboratory at a pressure of 7 x 10--4 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, C02 , H2 and adsorbed carbon. No water was observed during this tran

sient production of CO , C02 and H2 . The adsorbed carbon ultimately poisoned 

the reaction channels producing CO, C02 and H2 , 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 C02 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 10-7 and 7 x 10--4 Torr and at temperatures between 500 and BOOK. 

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. III . The 

reaction mechanism is developed and discussed in Sect. N. Finally, the major 

results of this work are summarized in Sect. V. 

n. Experimental Procedures 

The experiments were performed over a range of pressures from 8 x 10-7 to 7 

x 10-4 Torr in a steady-state flow microreactor that has been described previ

ously (18,19). The catalyst was a 20 em length of 0.0125 em 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, 13C2H4 (98 atom % 13C 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 10-B 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 (18). Average conversions were below 5% except for temperatures above 

600 Kat 7 x 10-4 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 10-3 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 10-3 Torr did not 

change the measured rates. 

ill. Experimental Results 

1. Acetic Acid Decomposi. tion 

Relative rates of production of CO, C02 , H2 , H20 and CH2CO (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 10-4 Torr and a surface temperature of 900 K. It is apparent that the rates of 

production of CO, C02 and H2 pass through a maximum and decline nearly to 
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their respective background values. Coincident with the decrease in the CO, C02 

and H2 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, C02 and H2 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, C02 and H2 , 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 C02 is formed (11) . The concentration of surface car

bon atoms following a 90 s exposure to acetic acid at 7 x 10--4 Torr and a tem

perature of 900 K was (2.6-3 .5) x 1015 cm-2 . 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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1015 cm-2
. Other pressures were not investigated in detail. A similar concentra

tion of carbon, 2.4 x 10 15 cm-2, was produced from a 90 s exposure of the sur

face at 900 K to 7 x 10--4 Torr of ethylene. For comparison, the surface atom 

densities of Pt( 111) and of the basal plane of graphite are 1.5 x 1015 cm-2 and 

3.8 x 10 15 cm- 2 , respectively (22). 

To summarize, on an initially clean platinum surface , acetic acid decomposes 

to CO, C02 and H2, 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 10--4 and 3.5 x 10-4 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 10-4 Torr of acetic acid for 90 sat 

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 1024 molecules-cm-2-s-1. 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 1017 molecules-cm-2-s-1-Torr-1. This corresponds to a reac-
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tion probability per surface collision of acetic acid of (2 .5-10) x 10-4. The error 

bar at 103 I 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 

kcallmole. Thus , a primary isotope effect involving cleavage of a C-H bond with 

a vibrational frequency of 3000 cm-1 would not be observed, since the expected 

increase in the activation energy is only 1.1 kcallmole 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 tha t 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 10-4 Torr is approximately 10-5) . 

Figure 3 shows the steady-state rate of dehydration of acetic acid as a func

tion of pressure from 8 x 10-7 to 7 x 10-4 Torr at 675 K. The reaction order with 

respect to acetic acid pressure, measured from the data that were recorded 

below 10-5 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 10-a Torr indicates 

the absolute error present in all the data at pressures below 10-5 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 675 K over the entire range of pressures studied, i.e. for 
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pressures below 10-3 Torr. 

Steady-state dehydration of acetic acid was also conducted on a graphitic 

surface composed of 13C to ascertain the stability of the graphitic overlayer . 

The 13C labeled surface was prepared by exposing the clean platinum surface to 

7 x 10--4 Torr of 13C2H4 for 90 s at 900 K. Comparison of the 13C surface concen

tration, determined by oxygen titration, following dehydration of acetic acid at 7 

x 10--4 Torr and 675 K for 20 min with the 13C surface concentration measured 

without reaction, revealed that the 13C 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 10-4 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 10--4 Torr were not 

investigated. An approximate calibration using the mass spectrometric sensi

tivity and the pumping speed for C02 indicates the desorption of (0 .1-5) x 1013 

molecules-em -2 of ketene . Although the desorption of neither acetic acid nor 

H20 was observed, these species would not be detected for surface concentra

tions below approximately 5 x 1013 cm-2 due to the adsorption of acetic acid and 

H20 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 42 

ratio observed at low temperatures during the steady-state reaction (cf. Sect 

II1 .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 10-4 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 1 o-4 

Torr. Acetic anhydride decomposed predominantly to ketene and acetic acid, 

with an activation energy of 12-15 kcallrnole which was constant over the tern

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/rnole at 

temperatures between 450 and 500 K to approximately 3 kcallrnole 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) . 
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N . Discussion 

1. Reaction Kinetics and Adsorbed Intermediates 

For temperatures below approximately 570 K and pressures between 10-3 and 

1 o-4 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

tinumi_s 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 .;tre 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 77 1-CH3COO(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 with 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 16 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-0 bond 

energies in the adsorbed intermediates, the observed activation energies indi

cate that the cleavage of the C-0 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 10-4 . 

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 up an heating to approximately 520 K 

Assuming a monodentate acetate intermediate, the dehydration of acetic acid 

may be written mechanistically as follows: 

S(e)F 
CH3COOH(g) : CH3COOH(a) , 

kd 

k 
CH3COOH(a) .} rJ 1-CH3COO(a) + H(a) , 

(1) 

(2) 
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k 
17 1-CH3COO(a) __} CH2CO(g) + OH(a) , (3) 

and 

k 
OH(a) + H(a) _] H20(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 ~. k 1, k2 and k3 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) = S0 (1 - L: ei) . (5) 
i 

where S0 is the probability of adsorption on the graphitized platinum surface in 

the limit of zero adsorbate coverage, ei 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 ki = kl0lexp( -~/kaT) with (assumed) coverage-

independent preexponential factors k/0) and activation energies~ · 

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 e11 t_cH
3
coo is equal to l7H 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 S0 was taken to be unity, and the surface site 

density n9 , which is necessary to calculate absolute rates, was taken to be 

1014 cm-2 (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 H20 + D20 exchange reaction on pyrolytic 

graphite (27,28). Thus, the model described by the elementary reactions (1 )-(4) 

contains four parameters, namely, ~o) and E2 , and the composite quantities 

E1 -Ed and kf0> I kJ0>. 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 10--4 and 3.5 x 10--4 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 

(7) 

Thus, the activation energy observed at high temperature, 1 ± 1 kcal!mole, is 

equal to E1 -Ed, and the reaction probability at 1 / T = 0 is S0kf0> I kJ0>. At low 

temperature, the surface becomes saturated with the reaction intermediates 

17 1-CH3COO(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 , e
11

1-cH
3
coo = ~ = 0.5, and the reaction rate at low temperature may be writ-

ten as 

(B) 

The observed activation energy, 27 ± 2 kcal!mole, is therefore equal to E2. and 

the extrapolated intercept at 1/T = 0, (0.2-1.6) x 1024 molecules-cm-2-s-1
, is 
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An analysis of the thermal desorption measurements provides independent 

determinations of k~o) and E2 . Calibration of the ketene thermal desorption 

spectrum indicates the desorption of (0 .1-5) x 1013 molecules-cm-2 , 0.5 n 9 , of 

ketene. Using this range of values together with the measured result n9 k£0) = 
(0.4-3 .2) x 1024 molecules-cm-2 -s - 1 yields k£0) = (0.04-16) x 10 11 s-1. 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 Tp = 520 K and k~0 ) = 0.04-16 x 

1011 s-1 is appropriate. This gives E2 = 23-29 kcal!mole, which agrees well with 

the value of E2 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 k3ni » k2n9 for all conditions studied, e.g. a "worst" case occurs at BOO K 

for which k3ni > 100 k2n 9 . Consequently, the steady-state coverages of 

77 1-CH3COO(a) and H(a) are equal. since water is produced rapidly after the 

decomposition of 7] 1-CH3COO(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 

675 K, the observed activation energy is 1 ± 1 kcal/mole, which is consistent 

with the potential energy level for 77 1-CH3COO(a) + H(a). The measured value for 

E2 is 27 ± 2 kcal/mole, which is in good agreement with the predicted value of 

E2 ~ 29 kcal!mole. 

Although carbon-hydrogen bond energies in hydrocarbons are typically 100 

kcal!mole, following Balooch and Olander (28), 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 77 1-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 10--4 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 10--4 Torr and at temperatures above 675 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. 

so Probability of adsorption 1 

of acetic acid 

k£0) Preexponential factor for decomposition 1x 1010 s-1 

of surface intermediate 

E2 Activation energy for decomposition 27.5 kcal/mole 

of surface intermediate 

kJO) Preexponential factor for 7x10- 10 cm2-s -1 27 

recombinative desorption of water 

Es Activation energy for 0 kcal/mole 27 

recombinative desorption of water 

E1- Ed Difference between surface reaction 2 kcal!mole 

and desorption activation energies 

ktO)/ k£0) Ratio of surface reaction and desorption 10-3 

preexponential factors 

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

tinum Surface . 

(a) See Ref. 30 . 

(b) See Ref . 25 . 

Bond 

CH3C00-H 

CH3CO-OH 

CH3COOH-S 

CH2CO-S 

H2o-s 

H-S 

HO-S 

77 1-CH3COO-S 

77 1-CH3CO-O(a) 

Bond Energy, 

kcal!mole Note 

107 (a) 

107 (b) 

5 (c,d) 

5 (d) 

5 (d) 

61 (e) 

58 (f) 

52 (g) 

101 (g) 

(c) "S" denotes bonding to the graphitized platinum surface . 

(d) The adsorbate-surface bond energy for each physically adsorbed species is 
estimated to be 5 kcal!mole . 

(e) 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 . 

(f) 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. 

(g) Typically, substitution of the hydrogen in an alcohol or a carboxylic acid 
with an alkyl group reduces the C-0 bond energy by 10 kcal!mole, from 
approximately 90 to 80 kcal / mole (25). Using the reduced HO-S (carbon) 
bond energy of 58 kcallmole , linear scaling implies that the reduction here 
is approximately 6 kcal / mole . 
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Figure Captions 

Figure 1. Time evolution curves for the production of CO, C02 , H2 , H20 and 

CH2 CO ( 42 amu) during the constant exposure of an initially 

clean platinum surface to acetic acid at 7 x 10-4 Torr . At t=O . 

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. 

Figure 2. Arrhenius plots of the rate of dehydration of acetic acid at 7 x 

10-4 and 3.5 x 10-4 Torr. For each pressure, a graphitic over

layer was first prepared by exposing a clean platinum surface to 

7 x 10-4 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. 

Figure 3. Absolute reaction rates for the dehydration of acetic acid at 675 

K as a function of acetic acid pressure. The error bar at 3 x 1 o-6 

Torr indicates the systematic error in calibration of the rates 

for all pressures below 10-5 Torr . 

Figure 4. Thermal desorption spectrum of ketene following either reaction 

at evaluated temperatures (500-700 K) and cooling to 300 Kin 

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. 
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Figure 5 . 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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Chapter 7. 

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

summarized as follows: 

Chapters 3 and 4 

1. The steady-state kinetics of ammonia decomposition on both a polycrystal

line platinum surface and the single crystalline Pt(110)-(1x2) surface is 

qualitatively similar. 

2. 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. 

3. 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. 

4. 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 5 and 6 

1. On an initially clean polycrystalline platinum surface, 13CO, CO, 13C02 , H2 and 

adsorbed carbon-12 are the major reaction products of the decomposition 

of CH3
13COOH. 
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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 (rom The Journal or Phyaical Cbemiatry, 1985. 89, a26. 
Copyricht@ 1985 by the American Chemical Society and reprinted by permiuion oC the copyright owner. 

Inhibition by Hydrogen of the Heterogeneous DecompoaHion of Ammonia on Platinum 

W. Tui, J. J. Vajo, ... W. H. WeW~erJ• 

Divi3iott of CMmi.rtry aNi Cll~mical Ettfillftrittf, Califorllia /11.1titut~ of T~cllttO/ogy, Pasad~na. 
Califorllia 9/125 (R~c~lved: May 28, 1985) 

Ablalute reKtiaa rata bave beca meuured in a coatiniiOUI flow miaoreaclor for the inhibition by byd.roscn of the heterogeneous 
docnmpoaition of ammonia over a polycryttaJiine platinum wire at presaures between 10-1 and 0.6 torr, with ammonia to 
bydJ'oaen partial pn:uure rati01 varyina from I: I to I :4 and temperatures between 400 and 1200 K. Inhibition of the 
docnmpoeitioa ia oblerved at relatively hip toU1 preuures (0.2-{).6 torr) for all temperatures studied. The reaction orders 
with res~ to hydroten and ammonia are -l.S and 1.0, respectively, with an apparent activation energy of 38 kcalfmol. 
For relauvely 1- toU1 preaaures ( to-1-S x to-1 torr), inhibition is only obacrved at temperatures below 650 K. where the 
activation cneriY varia from 33 to SS ltcal/mol aDd the reaction order with respect to hydrogen approaches -1.5 at low 
temperatures. The decompolition bec:oma uninhibited at hiah tcmperaturea and the activation energy is 4.5 kcalf.mol. The 
ltinetia_o~ thia reaction u _we~ u prcvioua resu.lta for the NH1_ + 0 2 excbanae reaction are described quantitatively by a 
mechanisuc model employiq indepeftdesltly measured adaorptiocH!aorption parameten of NH1, N2, and H2, where the 
rate c:ocfficient for bydropa dclorption ia a function IX the fractional surface coveraae of nitrogen ada toms. The hydrogenation 
of NH,(a) to produce molec:ularly adlorbed ammonia is predicted to be the dominant factor in the inhibition of the ammonia 
docnmpoeitioa. 

The analytic syntbelil ol ammaaia ia oae ol the IDOit importaDt 
heteroacnecJU~ proceua ever developed. Tbcrc have beeD au· 
meroua ltudiel and rwicwl reprdiJII the mcd!t!njpn of ammoaia 
syntbelia. the kiDetia of the reaction, and the cbaractcrizatioa 
of the c:ataJytic surface. t-t The aualytic docompolitioa of am
monia Oft tralllitioa metals bu a1ao beca inveltipted Clttcllliftly, 
pn:~WD&bly due both to ita (apparent) simplicity and ita rdevaDce 
to the synthais of ammoaia. Altbouah the dccompoeition bu 
been studied widely on platimlm.1CH3 a CCIIDJIIele mcd!t!nilm, which 
daaiba the r'CICtioa rNfJt I wide raJ11D o( aperimemal condition~ 
in t1:nn1 ol demcntary step~, bu DOt been available wni1 reoc:atiy.1• 
In conjunction with the dccompolitioll of pure allllllOOia, the 
inhibition by bydropo o( the decampoeitioa raaion bu allo been 
examined freqUCIItly. 1J,1H 7 Clulical kiDetic ltUdia o( amJDOIIia 
dec:ompolition on platinum fi1aJMma and CYapcntod fi1ml have 
been inveltipted in batdl reiCtorl with 1arp ~ ol h)'llropll 
in the feed stream (PHJ PHH, varyiqlrom 3 to 6) at atmolpileric 
~ and tanpenturel bctweeD 600 and 1000 K. The r-=tioa 
order with rapecc to b)'dropn UDder m.e ~ wu rqated 
to vary from -1.3 to -1.83 in diffemrt aperillieata,U-17 alld tbe 
apparent actintioll eacray wu fOIIDd to ...-y cwer a wide raJIII 
from 30.1 to S9 kcalfmol. 

Lomcr and Schmidt studied tbe inhibitioa of &miDOIIia • 
compolition by hydropa on a platilluD wire in a flow ~ at 

(I) lloudart. M. c.tlll. R. . .sd . .I'!J;. 1111, ZJ, I. 
(l) Ona-. M.; a-, P.; l!zt1. G.1lillliiilidbip o1 1M 7~ ~ 

VICII1UD C..,., V.., 1!1'7r; DuiN I y. Vlaaa, 1977; p 1137. 
(3) Boudan. M.IJI"PIIylal a.aillry: Aa Adnllald T,_."; I!Yfbll, 

H.; l!d.; ~ "- Naw Yorll, 197S: p I. 
(4) l!zt1. G. c.tlll. R. . .sd . .1',.. 1-. 11, lOt. 
(S) em-, P. H.; an..., S. J. J. A.w. 0..... S«. I,._ J6, 3S. 
(6) em-_ P. H. Ia-n. Pllyl6cailall («~II 11= Caw~•; 

Draqlia, E.. Jatr-. R. I~ I!Ak; "'--"- Naw Yorll. 197S; pp 3-34. 
(7) lloladan, M. IJI """'-'lllal ol 1M 60 ._tlaul Coaar- oa 

CawyW. l.4lldaa, 1976": ao,at Sociacy ol Clleiluy: Laldl-ua. u .L, 
1977; Vol. I. 

(I) l..oN, K. S.; em-, P. H. /. A.w. 0... S«. IHI, 61, 3191. 
(9) em-, P. H.; K-. J. T. l.W • .1'1f6. 0..... IHl. JJ, 677. 
(10) MlltGe. C. 1!.; ~ P. H./. I'lly1. 0..... 1,.._ 61, 3311. 
(II) Glud, J. L.; KoWa. 1!. 8. Swf. Sd 1911, UU, 471. 
(ll) Lclfllr, D. G.; Sduaidl, L. D. Swf. Sd. lf'76, .19, J9S. 
(13) Lclfllr, D. G.; Scllmidt. L. D./. c../, lf'76, 41,440. 
(14) Vajo.J.J.; Tali, W.; ........ W. H./. nrp. 0.....1-19, 3243. 
(IS) OW.. J. K./. A.w. 0..... Soc. lt:U, JJ,l071. 
(16) Lopa, S. R.; ~ball, C . .,__F..., S«. 1-. J6, 144. 
( 17) ~ A. J. 8.; Willlloft, 1!. M. A. T,_. FIWII/My S«. IM'J, 

61,476. 

ammonia ~ preuurea from O.OS to 0 .65 torr and partial 
prasures of hydroscn from 0.1 S to 0.68 torr in the temperature 
ranae between 600 and 1600 K. 13 Using a Langmuir-Hinshel· 
wood (L·H) rate expreuion, they determined that the reaction 
order with reapect to hydrogen wu -1.5 :i: 0.3 and that the 
activation eDCfJY approacha 321tcaljmol asymptotically at low 
temperatUre&. They were able to fit the L·H rate expression to 
within 2()';{, of their experimental data over the complete range 
of temperatUre& and prcuurcs that they studied. While the 
LaJIIIDuir-Hinlhelwood rate exprcsaion provides a consistent 
frameworlt for discuaioa of a heterogeneous reaction, it gives no 
microscopic information concerning the energetics and the 
mechanistic dctaila of the reaction, and the lack of kinetic pa· 
ramcten for the acborption and daorption of NH1, H 2, and N 2 
precluded a critic:al evaluation of particular kinetic models. 

The praeocc of hydrogen in the reactant stream can influence 
the dccompoeition of ammonia in the following two ways: (I) 
adlorbed hydroaen may react chemically, by hydrogenating in· 
term.cdiata acncrated during the decomposition; and (2) cbem
ilorbed hydroacn may block surface sites that are necessary for 
ammonia adlorption. Each of these inhibition mechanisms bas 
been oblcrved j:RVioully.1 .. 21 Apel'b&um and Temkin detennincd 
from their lcinctic mcuurementa at low temperatures and 0.01 
torr total preaure that during ammonia decomposition on a 
platinum wire, the surface coveraae of nitrogen decreases with 
an i1x:reue in the partial praaure of hydrogen. 11 This observation 
ia COIIIil&ent with both a hydropnation reaction and a site blocking 
rnec:hlnjan However in a recent review, Grunze, considering the 
reaulta of Lofflcr and Schmidt, IJ attributed the inhibition of the 
docompoaition of ammonia by hydrogen to the revenc reaction, 
the hydro&cnation reaction to reform ammonia. 19 In addition, 
uaina lucr·induced fliiOrCICCDcc, 211 Selwyn and Lin showed that 
the addition of hydroaea ( SO.I S torr) to 0.1 torr of ammonia at 
120CH400 K enlwlca the yield of NH radicals dcsorbing from 
a polycrystallinc platinum wire. They sugested that this is due 
to a surface reaction that converta N(a) to NH(a). Thermal 
daorption DIUI spectnmctry experiments showed that the amount 
of ammoaia adlorbed on a ruthenium (0001) surface previously 
saturated with hydrop:D ia diminiabcd wbcn compared to ammonia 

(II)~ L. 0~ Temkin. M. I. RM#. J. Plfy1. Om.. 1959, JJ, 585. 
(19) Onaaa. M. la "TTie Cbemical Pllyaica oC Solid SurCaca and Hetc:r· 

.,..._.. Caw~•; JC.ina, D. A., Wooclnafl, D. P., Edt.: Elseviu: Amster· 
clam. 1911; Vol. 4, p I SO. 

(20) Selwyn. G. S.; LiD. M. C. Om.. Plty1. 1M1. 67, 213. 
(21) ~ L. R.; ~. M. J.; Doaa~ E. E.; Dicki1110n, J. T. 

Swf. Sd. 1m, 71, 599. 

0022-36S<4j8S/208~926SOI.SO/O C 198S American Chemi<:al Society 



11 1 . 

Heterogeneous DecompOsition of NH 3 on Pt 

Ammon1a Decompos ition K1netics 
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Flpn I. Arrhenius plots of tbe rate of ammonia decomposition on 
platinum for ammonia~ ot"O.S. 0.2. 2 x 10'"1• I x to-3• 2 x 101. 
I x 101. and S X to- torr. Lines have been drawn throup tbe data 
points as a visual aid. 

adsorption on the clean surface, although no detailed calibration 
was made to determine the reduction quantitatively.21 Similar 
qualitative results were obtained by preadsorbing deuterium on 
a Pt( Ill) surface.11 Apparently. hydrogen adatoms either block 
the surface sites necessary for ammonia adsorption or indirectly 
affect the nature of the ammonia adlorption sita, thereby reducina 
the amount adsorbed. 

In a recent study in our laboratory of the steady-state decom
position of NH3 and ND1 over polycrystalline platinum at pret
sures between 5 X 10"7 and 0.5 torr and temperatures between 
400 and 1200 K. the energeti<:a of the reaction mechanism were 
clarified by employing a steady-state nonequilibrium model to 
describe the experimental results in terms of elementary surface 
reactions. 14 It was found that ammonia decomposes with z~ 
order kinetics at low temperatures and/or high preuures. Under 
these conditions the reaction rate is controUed by the desorption 
of the product nitrogen. A first-order dependence on ammonia 
pressure was oblerved at high temperatures and/or low preiiUl'el. 

where the rate of decomposition is controUed by a surface reaction 
involving the cleavage of 3:n N-H bond. These data are sum
marized in the form of an Arrhenius plot in rtgUtC I:- In addition, 
the isotopic exchange reaction, NH1 + 0 2, produced all three 
exchange products through a mechanism invol~l dilsociative 
adsorption of both NH1 and 0 2• In particAr, reasonable 
agreement with the experimental data wu obtained from model 
calculations by assuming that ND1 reaults from the deuteration 
of nitrogen ada toms. Funbennore, during the course of a NH3 
+ 0 2 exchange experiment at a total preuure of 1.2 x 10"1 torr, 
inhibition of the decomposition reaction was obaerved at low 
temperatures. 14 

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

I . The adsorption and desorption of the reactants, NH1 and 
0 2, and the desorption of the products N 2, H 2, HD. NHzD, and 
ND1 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 NHD2, which would have resulted from deu
teration of NH(a), is not included.) 

2. The surface reaction of deuterium adatoms with NHz(a) 
and ND2(a) to form NH 2D(a) and ND3(a). 

3. The surface reaction of nitrogen with deuterium ada toms 
to form the intermediate ND2(a). Hydrogenation of the inter
mediates N(a) and NH 2(a) was omitted because the rate of 
hydrogenation was found to be an order of magnitude lower than 

The JourMI of Physical Chemistry, Vol. 89, No. 23. /985 

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. 22 On the other 
band, 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 dec:ompolition by hydrogen over polycrystalline platinum 
at total preuures from 10"3 to 0.6 torr with ammonia to hydrogen 
paniaJ pressure ratiol varying from I: I to I :4, and at temperatures 
between 400 and 1200 K. On the basis of our measured absolute 
rata, 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 foUowing. Experimental 
details are described in section 2, and the experimental data are 
presented in section 3. A refmed mechanistic model is developed 
in section 4 and discussed in section S. Finally, the results are 
summarized in section 6. 

Z.~Pr ......... 

The experiments were performed over a range of total pressures 
from 10"3 to 0 .6 torr in a steady-state flow microreactor that has 
been described previously.14.ll 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 panial pressure ratios. The reaction 
products, which leaked through a capillary tube from the main 
chamber of the reactor, were monitored continuously by an EA I 
1200 quadrup<Xe mass spectrometer in a high vacuum section with 
a base preuure of approximately lo-4 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 I 0% 
and monitoring the product nitrogen signal. The average residence 
time in the reactor was established via experiments that determined 
the abeolute pumping speed for various mixtures of ammonia and 
hydrogen. Abeolute 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.23 

Prior to the decomposition experiments, the platinum wire was 
heated in 10-1~. 1 torr of oxygen (99.99%) at 1100 K for 4 hand 
then reduced in 10·3-().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) Will. M.; Da--. P. T. SMTf. Sci. 19'76. 60, S6l. 
(23) Vajo. J. J.; Tsai. W.; Weinbera. W. H. R~. Sci. ltut111m .. in preu. 
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Flaln :Z. Crou section of miaoreactor body sbowins the wire in paaitioo 
for experimentl at both 10-1-1 and 10"""1-10"""5 torr. Ports for pressure 
measurement and the leak to the hisJ!-vacuum section. which arc or
thosonal to the inlet and outlet flow poru. arc not shown. The volume 
of the baratroo and the acccu ports toscther with the shaded resion is 
the reactor volume. 30 cm1. The sample manipulator is described in 
detail ellcwhere.13 

J.~Rtlllhs 

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 I 0""3 to 0.6 torr 
with ammonia to hydrogen partial pressure rati01 varying from 
I: I to I :4. (The curves in Figures 3 and 4 designate results 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 (PH,! PNH, • 2) and 0.6 torr 
(PH,! PNH, • 2) over the whole range of temperatures studied, 
as may be seen in Figure 3 parts a and b. Inhibition wu observed 
at low temperatures, below approximately 650 K. for pressures 
between 2 X 10-l torr (PHJ PNH, • I) and 5 X 10-l torr (PH,/ PNH, 
• 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-bydroaen mixture with 
the same partial prcssure of aiiUilOilia (Figure 3 and 4). The 
reaction order with respect to hydropn 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). n-I'CIUitJ are in apcemem 
with earlier results of Lotl1cr and Schmidt for similar oonditioas.Il 
Between 2 x 10"""3 and 5 x I 0""3 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 10""3 torr (PH,/PNH, • I) to 55~ 4 
kcalfmol for 5 x 10""3 torr (PH,/PNH, • 4) total pressures. For 
high temperatures, between 2 X 10""1 and 5 x 10-3 torr, the 
decomposition becomes uninhibited, and the kinetic order with 
respect to hydrogen incrcucs continuoualy to zero. The absolute 
rates in this limit agree quantitatively with our previous data for 
the decomposition of pure ammonia, 14 as is shown explicitly in 
Figure 4. The apparent activation energy is 4.5 ~ 0.2 kcal/mol 
under these conditions. 

4. Meelluildc Modefilla 
In our previous work., a mechanistic model based on elementary 

reactions was developed to describe the kinetics of ammonia 
decomposition and the isotopic exchange reaction with deuterium 

Tsai et al. 

'., 1016 

"' ' E 
u 

0 
E 
i lOIS 
0 

a:: 

T,K 
850 750 

a 

........ ······a-
........ '~~~.., ··· .... tl .. 

...... , oc... .. 

......... , 
...,. .. O·· .. 

...... ~ ........ 
'.,_......... ······.p 

• FtH2 :r 0 Torr - rrodel '·~_ ........ 

P,.., • 0.2 Torr 

' ' a PH, •02 Torr ....... model ·,.,'•, 

• PH
1 

•0.3 Torr ··- model .,. 

• FtHz :ill 0.4 Torr -·- rrodel 
1014":-.._ ......................... _,.,..... .................. .._ .......... -:.L:,....,.__._,__......._,J 

1.1 1.2 1.3 1.4 
1000 K-1 

T ' 
T,K 

850 

b 

' "' 1016 
"' ' E 
u 

0 
E '..._ . 

P..,., '0.2 Torr _ model ·,·~. ··········· .. p 

PH1 = 0 Torr '·,., 

PH1 '0.2 Torr ·,., 
a PNH

1 
= 0.2 Torr ,_,_ model ...... 

• P,.., , 0.1 Torr -·- model 
1014 ":-............................... .....,.=-,__ ......... .._....__,.1-::,....,.__.__.,__.o........,~ 

1.1 1.2 1.3 1.4 
1000 K-1 

T ' 
f1swe 3. Arrhenius plots of the rate of ammonia decomposition with 
hydropn inbibitioo on platinum and the comparison of calculations based 
on the mechanistic model dcacribed in the text with the experimental 
data. (a) PNH, • 0.2 torr. PH, • 0, 0.2, 0.3. and 0.4 torr. (b) PNH, '" 
0.2 torr, PH, • o. 0.2 torr. and PNH, "' 0. I torr, PH, .. 0.2 torr. 
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f1swe 4. Arrhenius plots of the rate of ammonia decomposition with 
hydroscn inhibition on platinum and the comparison of model calcula
tions with the experimental data. PNH,"' 10"""1 torr. PH, • 0, Io-'. 2 x 
10"""1, and 4 x 10"""1 torr. 

to produce NH2D and ND3• The reaction mechanism is formu
lated as follows: 

(I) 
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,co,.£, • 

NH 3(a) == NH2(a) + H(a) 
JcO.,.£_, 

(2) 

to,.£, 
NHb) == N(a) + 2H(a) •'-,.£., (3) 

S,.fi+J 
H2(g) 2H(a) 

<'..,..£.,., 
(4) 

to._,..£._,., 
2N(a) N2(g) (5) 

The steady-state masa balance equations for the reactants and 
the products were solved by employing an iterative scheme. Since 
independently measured rate parameters were used to dea<:ribe 
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 10·3 and 5 x 10"3 torr total praaurc. 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 hydrosen is -3, compared 
to -1.5 observed experimentally (cf. section 3). 

In the previous modeling of the exchange reaction. which ailo 
exhibited inhibition of the decomposition reaction for a total 
pressure of 1.2 X 10"3 torr (Pr>,/ PNH, • 0.2), it was sugested 
that the deviations between the model predictions and the ex
perimental results (the calculated valuea for the rate of formation 
of NH2D and ND3 arc shifted to higher temperature~ with respec:t 
to the data) indicate that it may be neceuary to allow a variation 
of certain kinetic parameters with surfaa: oovcraga in the modd.1• 

Hence, in view of the failure of the model to predict inhibition 
rates between OJ and 0.6 torr, one immediately suspcctJ a pcllliblc 
variation in one or more of the lrinctic parameten with the surface 
coverages of ammonia. hydrogen and/or nitrogen. 

The effect of ~H,• the fractional surface coverage of ammonia, 
on any rate paramcten will be small because the maximum am
monia coverage on the platinum surface under the reaction am
ditions employed is found to be I o-3, 1• and the influence of hy
drogen adatoms is also small since the fractional coverage of 
hydrogen ada toms under reaction conditions is estimated to be 
less than 8 x 10·3• However, the fractional surface coveraac of 
nitrogen adatoms, which is on the order of 0.1 _to unity,1• may 
be important in modifying the various kinetic parameters praent 
in the modeL An initial adjustment of the model hu been made 
for the desorption rate coefficient of hydrogen. This rate coef
fiCient is particularly important durina the inhibition reaction since 
the backward hydrosenation step is DOt ncaliliblc when hydropa 
is present in the reactant feed, althoqh it is not important in the 
decomposition of pure ammonia. In geucraJ. the activation C1ICriY 
and the preexponential factor of any hcteroscnous reaction rate 
coefficient may be a function of surface coveraac- In particular, 
there are many examples in the literature where the activation 
energy and the preexponcntial factor of the hydrogen desorptioa 
rate coefficient decrease as a function of surface coveraae (ace 
the discussion below and ref 24-30). Consequently, the rate of 
desorption of hydroaen may be repreaented u 

where 

~~ • 2,k0 d.H,(8)(n.8H)2 exp[-Ed(B) I k11 (6a) 

Jc0 ct.H1(8) • Jc0 d.H, exp( -a8) 

Ed(8) • Ed - fJ8 

(6b) 

(6c) 

In this case 8, the fractional surface coverage. is given essentially 
by 8N• the fractional surface coverage of nitrogen. Hut a and 
{J art allowtd to vary such that a physically rtasoNJblt ranp 
of ratt paramtttrs for hydrogtn dtsOI'ption is obtain~d. Nott 
that tht modtl is modifitd to accommodatt tht changt of only 
thtst two paratMttn, whilt rttaining tht satM stt of paratMttrs 

TABLE 1: MMII Pua-.n for die o.:o.,oRdoll Resc&. of 
A....-oePiacm-

parameter value ref 

~4-NHJ ammonia daorpti011 I X 10 .. s·' II, 35 
preexponential 

12 kcalfmol Ec.NH, ammonia daorption eneriY II, 35 
,SONHJ ammonia probability of I II. 35 

~ .. N, 

adlorptioa 
nitroaen daorption 4 x Ia-' cm1 s·' 22 

preellponential 
Ec.N, nitroaen desorption eneriY 22 kcal/mol 22 
~u, bydroaen desorption 0.01 cm1 s·• 36, 37 

preexpoaential 
Eu, bydroaen dcaorption enerJy 19 kcal/mol 36. 37 
36, 37 bydroaen probability of 0.1 36. 37 

adlorption 
~ .. ~, surfac:e reaction preellponentiala 1.5 X 1011 s·• 
E, surfac:e reaction activation eneriY 16 kcal/mol 
~-1 bydn~~enatioa reaction 3 x 10"11 em• s·• 

preexpooential 
E.z surfac:e byclropution activation 28 kcalfmol 

enerJY 
~-1 ellCiwiJC reaction preellponential 0.05 cm1 s·• 
E.t~ E1-- £.1 4 kcalfmol 
II, surfac:e atom clenaity I X IO" cm·1 

a parameter for bydroccn 5 
daorptioa 

{J parameter for bydfOien 14 kcalfmol 
daorptioa 

su.cctSSfwly u.ud pnoW&uly in all 01/wr casts. These parameterS 
are summarized in Table I. 

The model results indicate that values of a and {J which are 
able to describe the inhibition data are not unique. For instance, 
for both sets of parameters a • 5, {J • 14 lccaljmol and a • 6, 
{J • 8 lccaljmol. there is cl01e agreement between the model 
calculations and the oblcrved experimental values. In order to 
discriminate between theac and other sets of a and {J which ac
curately describe the inhibition data, Equation 6 was used to 
calculate ratea of production of NH2D and ND3 for a partial 
preaure ratio f:A deuterium to ammonia of I : S with a total pressure 
of 1.2 X 1(13 torr. Comparison of these calculations with the 
previous experimental results14 indicatea that not all of the sets 
a and {J which dea<:ribe the inhibition results can also describe 
the exchanp reaults. Indeed, a and {J are unique within exper
imental uncertainties, and their values are found to be a • 5 and 
{J • 14 lccal/mol. A senaitivity analysis of the model with respect 
to a and {J indicates that the agreement with the measured values 
degrades considerably if a and tJ are varied by more than %0.5. 
For a • 5 and {J • 14 lccaljmol, the variation in the activation 
enCI'JY and preexpoacntial factor for hydrogen desorption is from 
19 to 10.6 lccal/mol and Jo-2 to S x I~ cm2 s·1, for nitrogen 
coveraaes from zero to 0.6, respectively. (The maximum fractional 
surface oovcraae of nitl'llpll under reaction conditions is calcuJatcd 
to be 0.6.) 

The calculated results bucd on these parameters are shown 
in rlprel 3 and 4. The correct reaction orders, -1 .5 for hydrogen 
and 1.0 for ammonia, are predicted under the conditions where 
theae valuea are oblerved experimentally. Each of the calculated 
activation enrqica of the reaction ailo asree to within %2kca1/mol 
with the experimental values. In general. the inhibition decreases 
as the temperature incn:uca and the hydrogen coverage dccreascs. 
The model calculations aarce perfectly with the data ncar 690 
K between 2 X lo-1 and 5 X 10"3 torr, where the rate of decom
position approaches the rate characteristic of pure ammonia . 
Furthermore, the meuured rates, which are also in qualitative 
agreement with the model between 0.3 and 0.6 torr total pressure. 
do not apprw.ch the noninhibited rate due to an insufficiently high 
temperature in this cue. However, our data and model (which 
predicts that the inhibition should become negiiaible near I 090 
K) are both consistent with previous results of Leffler and 
Schmidtu which indicate that the inhibition docs indeed become 
neglilible under theac hip-preaaure conditions between I 000 and 
1100 K. 
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In addition, as may be seen in Figure S, there is improved 
ageement between the model calcuJations and the exchan&e data 
when compared with the previoualy c::alc:ulated results uaing a 
COIIItant rate coefrJcient for hydropn daorption." SpecifJCally, 
the maxima in the ablolute rates of produc:tioo of NH20 and ND3 
are shifted to lower temperatures in qualitative agreement with 
experiment. In addition, the low-temperature apparent activation 
enqy for the production of NH20 il cak:ulatcd to be 8. 7 la:al/mol 
compared to the experimental value of 8.4 ~ 0.4 kc:al/mol. while 
it wu estimated to be 10.1 kc:al/mol previously.1' The high· 
temperature activation energy is determined to be 3.9 kc:al/mol 
compared to measured value of 2.2 ~ 0.1 kc:alfmol (formerly 
estimated to be S.l kc:al/mol) . For the production of N03, the 
low-temperature apparent activation energy is c::alc:ulated to be 
4.4 la:al/ mol compared to the oblerved value of 4.0 ~ 0.4 la:al/ mol 
(previoualy c::alc:ulated to be S.9 kc::al/mol), and the high·tem· 
perature activation energy is calculated to be 8.9 kc::al/mol com
pared to the experimental value of 8. 7 ~ 0.6 kc:al/mol (formerly 
calculated to be 9.S kc::al/mol). 

AI disc:usled previously, the model results are relatively in
sensitive: to a variation in the nitropn desorption ·rate coefficient 
with coverage:. This inset~~itivity arises at high temperatures 
because the rate of dec:ompolition of aiiUIIOilia with and without 
hydropn present in the: fc:c:d is oontrolled by the surface reaction 
and desorption of aiiUIIOilia. Under these c:caditionl the nitropa 
desorption paramc:terl approech the low coverqe limitiq values. 
Since there il experimental mdence that the~ paramc:tcn 
of nitrogen do not vary appreciably over a wide ranp of surface 
coverages, 21 a single: coverage-independent set of nitro~en de
sorption parameters is expected to suffic::c:, even for low temper
atures where the reaction rates are sensitive: to the rate of de
sorption of nitropn. Thil hu been c:onfll'llled by the quantitative 
agreement between c::alc:ulatcd and measured values for the dc:
compotition of ammonia at low temperatures." Although it 
appears that the nitrogen desorption parameters are coverage
independent. they have been varied u well as the surface reaction 
parameters for eq 2 and 3, with a functional form similar to eq 
6. It wu found that none of these parameterS, when varied, could 
give an ac:c:urate desc:ription of both the inhibition and the ex
change chemistry, compared to varying the hydrogen desorption 
rate para meters with coverage. 

5.~ 

The model results indic:ate that ~ varies from 0.2 to 0.6 between 
0.3 and 0.6 torr total pressure and from 0.02 to 0.1 S between 2 
x 10·1 and S x 10·1 torr. Obviously, varying the hydrogen de-

sorption parameters with ~ 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 10·1 torr while failing between 0.3 
and 0.6 torr total presaure. Furthermore, the variation of the 
nitrogen coverage with temperature between 0.3 and 0.6 torr total 
pressure is rather conatant for all partial pressure ratios of hy
drogen and ammonia studied. For example 9N varies from 0.58 
to 0.32 for PH,/ PNH, • I between 740 and 833 K, and from 0.34 
to 0.18.for PHJ PNH, • 2 within the same temperature range. This 
II manifeat by the relatively c:onatant apparent activation energy 
of 38 kc:al/mol for the inhibited decomposition. Since: the rate 
of dec:ompotition of ammonia is given by 

RNH, • ~ci.N,(IIA.)2 exp(-Ed.N,/kn (7) 

a c:onstant chanp in ~ with temperature will result in a constant 
apparent a~tion energy. In contrast. the variation of nitrogen 
coverage wtthtn the temperature range studied at pressures be
tween 2 X 10·3 and S X 10·1 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, 9N 
varies from 0.1 S to 0.06 for PH I PNH • I between S80 and 720 
K, while it changes from 0.15 to o.ois for PH /PNH .. 4. This 
results in an inc:reue in the apparent activatio~ ene~gy from 33 
toSS kc:al/mol u the partial pressure ratio of hydrogen to am
monia inc:reues from I to 4. 

Two po11ible pathways of inhibition were suggested in the 
introduction, namdy, hydrosenation of surface intermediates to 
re-form ammonia and bloc:lting of ammonia adsorption sites by 
dilloc:iatively adlorbed hydrogen. An analysis of the: reaction 
modd will provide inlight oooc:eming the contributions from each 
of these mcc.hanisma. Although preadsorbed hydrogen is known 
to block the adlorption of ammonia at low surface: tempera
tures, IIJI the oontributioa from this inhibition mechanism is minor 
in our work becaule the maximum frac:tional coverage of hydrogen 
on the surface under the reaction conditiona studied is a pproxi
mately 8 x 10"3• Thua the hydrogenation of surface intermediates 
is predicted to be the primary mechanism for the inhibition of 
ammonia decompclition.. A detailed understanding regarding the 
nature oC the blckward (hydrogenation) reactions may be: obtained 
by considering the exchange reactiona between ammonia and 
deuterium. From our propoeed dissociative exchange mechanism, 14 

NH2D is produced from a reaction between NH2(a) and deu
terium adatoma, and N03 is produced from the succc:ssive deu
tc:ration of nitrogen adatoms. Similarly, NH02 is believed to be 
produced by reaaion of deuterium adatoms with NH(a), although 
this rc:ac:tioo il not included in the model. Therefore, a comparison 
of the measured relative rates of production of NH 2D, NHD2, 

and ND3 indicates direc:tly the contribution from hydrogenation 
of NH2(a), NH(a), and nitrogen adatoma to the inhibition of 
ammonia dec:ompolition .. 

Previously it wu dc:termined that for a partial pressure ratio 
of deuterium to ammonia of I :S with a total pressure of 1.2 x 
10 .. 1 torr, the ratio of the rates of production of NH2D, NHD2, 

and ND3, measured at the temperature corresponding to the 
maximum value of the rates, is I :0.17:0.02, respectively." For 
a toUI preuu.re of 2 X 10·3 torT (Po,/ PNH, • I), the ratio of the 
maximum rates is 1:0.5:0.07 for NH2D, NH02, and NOh re· 
spectively. Clearly, an inc:reasc: in the deuterium partial pressure 
enhanc:es the rate of hydrogenation of surface nitrogen relative 
to the rate of hydrogenation of NH2(a) . However, at thc:sc: 
pressures, hydrogenation of NH2(a) remains the: dominant 
pathway of inhibition compared to the hydrogenation of NH(a) 
and nitrogen adatoml, which form NH02 and N01, respc:c:tively. 
This experimental result is supported by the model calculations 
which predict the ratio of the maximum rates of production of 
NHzO and N03 to be I :0 .09 for Pr>,/ PNH, • I at 2 x I ()3 torr 
and I :0.17 for Po,/ PNH, • 4 at S X I o-1 torr total pressure. Thus 
the calculated ratio agrees to within 20% with the observed ratio 
at 2 X I o-1 torr, the 11ighest 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 
(Po,/ PNH, '" I) indicates that the ratio of the rates is I :0.23 for 
NH 2D and ND3 production, respectively . Hence, ratios of the 
calculated rates, together with the experimetally observed values, 
indicate that the hydrogenation of NH 2(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 NH2(a) to 
produce molecularly adsorbed ammonia. This results in a re
duction of nitrogen ada tom 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 SI>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. With a • 5 and {3 • 14 
kcal/mol in eq 6, the value of the preexponential factor of the 
hydrogen desorption rate coefficient at zero nitrogen coverage is 
~d.H,(II) • 1(}2 cm2 s-1, and £4(11) • 19 kcal/mol; while the val~~e~ 
at high coverage (liN • 0.6) are~ ci.H,(II) • 5 x I~ cm2 s·• and 
£ 4(11) • 10.6 kcaljmol. This variation appears physically rea
sonable since similar variations have been found experimentally 
for the deso~tion rate coefficients of hydroaen as a function of 
coverage.2+- For example, studies of the adsorption and de
sorption of hydrogen from Ni(IOO), Ni(IOO)-p(2X2}S, and Ni
(100)-c(2X2)S surfacea24 indicate that the presence of sulfur 
reducea the values of the desorption rate parameten which 
characterize hydrogen recombination. The activation energy of 
desorption of 21.3 kcal/mol and the preexponential factor of S 
x IIJl cm2 s·• on clean Ni(IOO} are reduced to 17.4 kcaljmol 
and 4 x I~ cm2 s·• on the p(2X2}S surface, and to 10 kcal/mol 
and 3 X !o-' cm2 s-• on the c(2X2}S surface. The low value for 
~ d.H, 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. 24 The 
same effect occurs except to a leaer extent in the case of a quarter 
monolayer of sulfur. A similar chanae in hydrogen desorption 
kinetics was observed when carbon was present on the Ni(IOO) 
surface.~ For the Ni(IOO) surface with 0.2S monolayer carbon, 
the activation energy for hydrogen deaorption was 9.S kcal/mol 
with a preexponential factor of I o-' cur s·t in 0011trut to the clean 
surface values of 21.3 kcal/ mol and S X I (}2 cm2 s·1• In addition, 
the compensation effect has also been oblerved for hydrogen 
desorption from Rh( Ill), 26 where the activation eneray of hy
drogen desorption was oblerved to decrease lin~rly by almolt 
10 kcal/mol, while the preexponential factor wu fouild to decreue 
by S orders of mapitude for hydroaen coveraaes varyina from 
0 to O.S. This variation wu attributed to the involvement of a 
mobile precursor state of molecular hydropn during desorption. 
as described by Gorte and Schmidt. Jt A similar precursor state 
for hydrogen desorption, which occun durina ammonia decom
po~ition with finite nitrogen coveraaes, is certainly reasonable. 

Compensatory behavior hu also been attributed to multiple 
adaorptioo states and to repuilive lateral intcractiona. 3l.l3 Eviclence 
for these mechanisms may be obtained by analyzina thertnal 
desorption meuurementl of hydroeen on platinum. A recent study 
of hydrogen desorption from the Pt( 110)-( I X2) surface has re
vealed the existence of two dillociatively adsorbed states . .w At 
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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.34 Although an analysis in terms of activation 
energies and preexponential factors has not been conducted, we 
can compare these data on Pt( II 0) 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. 

R.t.H, '"' n,(diiHfdt) • 2~d.H,(n,8H) 2 exp(-£d.H,/ kD 
where ~ ci.H, and Ec~.H, 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 (IIH • 0.01) of hydrogen: a surface with 
no nitrogen coverage, liN • 0, and a surface with 8N '"' 0.6. For 
8N • 0 (~d.H, • 0.01 cm2 s·• and E4.H, "" 19 kcal/mol}, the 
calculated hydrogen desorption peak temperature is 370 K, while 
for~ • 0.6 (~d.H, • S X IIJ4cm2 s·• and Ed.H, = 10.6 kcaljmol), 
the peak temperature is 250 K. The agreement of these results 
with the thertnal desorption measurements on Pt( II 0) 34 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( Ill}, 30 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 beina 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 r:Ner a praaure range which spans 7 orders of magnitude 
and OYer a temperature range of 800 K. The success of the model 
attests to the general utility of analyzing kinetic data obtained 
over a wide ranae 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 I 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. COliC..._ 
The results of this study can be summarized as follows: 
I. Inhibition of ammonia decomposition is observed for total 

pressures between 0.3 torr (PH,/ PNH, ,. 2) and 0.6 torr (PH,/ P NH, 
• 2) and for temperatures between 740 and 8SO K. Under these 
conditions, the apparent activation energy is 38 * 2 kcal/ mol, 
and the reaction orders with respect to hydrogen and ammonia 
are -I.S * 0.3 and 1.0 * 0 .2, respectively. 

2. For total pressures between 2 x I IJ3 torr (PH,/ PNH, '"' I) 
and 5 x !(}3 torr (PH,/PNH, • 4}, inhibition is observed at tem
peratures below approximately 650 K, where the reaction order 
with respect to hydrogen approaches -l.S * 0.3 at low temper-
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atures. The activation energy varies from 33 2: 3 kcaljmol for 
2 X 10'-l torr to 55 2: 4 kcaljmol for 5 X 10"3 torr total pressure. 
The decomposition becomes uninhibited at high temperatures, and 
the apparent activation energy is 4.5 2: 0.2 kcaljmol. 

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 2(a) to produce molecularly ad
sorbed ammonia is the dominant factor in the inhibition of am
monia decomposition. 
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