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The reduction of nitric oxide by ammonia has been studied over a stepped platinum single 
crystal surface in a vacuum system equipped with Auger electron spectroscopy, low-energy 
electron diffraction, and mass spectrometry. The reaction proceeds rapidly in the temperature 
range 150 to 550°C; the only product observed is molecular nitrogen. The rate-limiting step 
of this reaction scheme occurs between an adsorbed fragment of ammonia and adsorbed mo- 
lecular nitric oxide. The reaction rate is inhibited by large excesses of nitric oxide. The observed 
reaction kinetics can be modeled using a single site Langmuir-Hinshelwood reaction scheme. 
Analysis of the surface during steady-state reaction studies supports the proposed Langmuir- 
Hinshelwood behavior. 

INTRODUCTION 

The reduction of nitric oxide by am- 
monia is an interesting technique for re- 
moving nitric oxide from gas streams since 
ammonia reacts selectively with nitric oxide 
in the presence of oxygen using platinum 
catalysts (I-5 and references therein). 
A study of the reaction between nitric 
oxide and ammonia has been undertaken 
as part of a program to characterize the 
surface chemistry of the nitrogen-hydro- 
gen-oxygen system over noble metal sur- 
faces with well-determined surface proper- 
ties. This paper reports the results of 
steady-state kinetic studies of nitric oxide 
reduction with ammonia using a stepped 
single crystal platinum surface as the 
catalyst. A single crystal sample was used 
so that the effects of surface structure 
variation could be determined following 
similar studies on different single crystal 
surfaces. Several experiments concerning 

the cffccts of oxygen on the ammonia- 
nitric oxide reaction are also reported. 

The mechanism of the ammonia-nitric 
oxide reaction has been studied over sup- 
ported platinum catalysts primarily by two 
groups (3, 6-8). Both groups worked in 
the temperature range 150 to 250°C. They 
observed both Nz and N,O production. 
The mechanism proposed by Otto et al. 
(7, 8) was formulated using isotopic la- 
beling of the nitrogen. Basically, the 
reaction proceeds via a Langmuir-Hinshel- 
wood mechanism which branches with dis- 
sociative adsorption of ammonia. The NH, 
(ads) species reacts with NO (ads) to 
yield Nz. The adsorbed hydrogen frag- 
ment of the ammonia reacts with NO (ads) 
to yield a surface intermediate HNO (ads) 
which reacts with another NH0 to yield 
NzO. They indicate that addition of excess 
hydrogen causes the latter sequence to 
yield Nz also. 

Papers published by Katzer and co- 
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wnrlim-s (‘3, /;) suppor( :rncl cdcmtl I hv 
p~~~posc~l nrwhanistl~ (7, 8) by fitting thoil 
kin&c data with a rate law dcrivcd from 
the proposed mechanism. They model the 
rate using a single-site Langmuir-Hinshel- 
wood kinetic model involving associative 
adsorption of 30 and dissociative ad- 
sorption of KHZ. This indicates that the 
rate-limiting step occurs between adsorbed 
NO and an adsorbed nitrogen containing 
fragment of KH3. 

EXPERIMENTAL 

The steady-state reactivity experiments 
were done in a stainless-steel ultrahigh 
vacuum system equipped wit#h several gas 
inlets, a cylindrical mirror analyzer for 
Auger electron spect’roscopy (AES), a low- 
energy electron diffraction (LEED) unit 
to determine surface structure, and a, 
quadrupole mass spectrometer to monitor 
gas-phase composition. Typical background 
pressures were 1 to 3 X 10--l” Torr during 
these experiments. This system has been 
used exclusively for studies with com- 
pounds containing nitrogen, hydrogen, and 
oxygen ; t’hcreforc, the background con- 
tained very little carbon monoxide. The 
system was pumped exclusively by ion 

pumps so thxt~ the punrping speed would 
rc~main fairly constant, during t*he rcact)ivit,y 
cxpcrimcnts. The experimental system has 
been discussed in detail in an earlier 
publication (9). 

The platinum single crystal sample was 
prepared using usual metallographic t’ech- 
niques. The exposed surface has been 
characterized using Laue X-ray back- 
reflection and LEED. The sample has a 
stepped surface with (111) terraces 12 
atomic rows wide linked by monotonic 
height steps with (111) orientation. The 
same sample was used previously in a 
study of ammonia oxidation by molecular 
oxygen (10). Periodic examination of the 
surface with LEED during these studies 
indicat,es that this surface structure is 
st#able during the reaction between am- 
monia and nitric oxide. The sample was 
heated resistively with direct current and 
was cooled t’hrough a O.;iO-mm platinum 
wire attached to a liquid nitrogen-cooled 
alumina tube. The sample tcmperaturc 
was monitored with a 0.2.5mm P-l? 
10% Rh thermocouple spot-welded to the 
bottom edge of the sample. 

A typical Auger spectrum of the clean 
surface taken at 300°C is shown in Fig. 1. 

0 100 200 300 400 500 600 
VOhS 

FIG. 1. Auger spectrum of the clean surface taken at 3OOT. 
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The spectra wcrc taken with a 10-V peak 
to peak modulation, 5 PA of incident cur- 
rent, 2.00 keV of incident elect’ron energy, 
a defocused beam (diameter = 1.5 mm), 
and sweep rates of about 3 V/see. The 
nitrogen peak to peak height ratio has 
been used in this work to indicate ap- 
proximate surface concentration of nitro- 
gen-containing species. The nitrogen ratio 
“RN” is the ratio of the nitrogen plus 
platinum peak to peak height at 390 V 
to the platinum peak to peak height at 
238 V. The value of the ratio is 0.174 
f 0.005 (9, 10) for a clean surface and is 
independent of temperature (10). Approxi- 
mate calibration of the nitrogen ratio using 
LEED and thermal desorption results was 
discussed in earlier papers (Q-II). As dis- 
cussed previously (IO) the nitrogen Auger 
ratio RN taken at low resolution (10-V 
modulation) has approximately the same 
sensitivity for nitrogen regardless of the 
chemical environment of the nitrogen. 
Therefore, the Auger ratio RN has been 
used to measure the surface concentration 
of “nitrogenic” surface species during re- 
activity experiments. This assumption is 
justified if all ammonia derived species 
(NH,, NH2, NH), nitrogen (N2, N), nitric 
oxide, and possible mixed species (NHO) 
have approximately similar Auger sensi- 
tivities and peak positions. This assump- 
tion may not be analytically correct but 
should give reasonable qualitative results 
using low-resolution spectra. Nitric oxide 
is identified as a nitrogenic species since 
most of the oxygen in molecular NO 
cannot be observed due to electron beam 
desorption at these current levels (9). 

The reaction rates were determined 
using the stirred tank formulation for a $0~ 
reactor as discussed previously (IO). The 
steady-state reaction rates are related to 
the observed product partial pressure by 
an equation of the form 

AP;S 
pi = - = BAPi, 

RT,A 

whcrc T; is the specific rate of formation 
of product “i” in units of molecules per 
square centimeter per second, APi is the 
change in partial pressure of species i 
during reaction, S is the pumping speed 
(flow rate), R is the gas constant’, T, is 
the gas temperature, and A is the catalyst 
area. The catalyst area was 2 cm2 and 
a gas temperature of 300 K was used for 
calculation of rates. 

Partial pressures were measured using 
a quadrupole mass spectrometer calibrated 
against the ion gauge for gases of interest. 
Changes in product partial pressure during 
reaction were determined by subtracting 
product background pressures determined 
with the cold platinum sample from 
product pressures determined with the 
platinum sample at reaction temperature. 
The background corrections for this re- 
action are substantial ; however, the back- 
ground is fairly constant. Background 
pressures were usually taken before and 
after reactivity determination. The pump- 
ing speed or flow rate was determined by 
measuring the exponential decay of pres- 
sure following the rapid flash of a tungsten 
or platinum filament. Apparent pumping 
speeds are fairly low (about 40 liter set-l) 
during reactivity experiments because all 
the exposed surfaces are saturated with 
adsorbed gas. Consistent approximate 
pumping speeds and ion gauge calibrations 
have been used to estimate the absolute 
rates given in the figures. The absolute 
accuracy of the number is poor; however, 
the data indicat’e the calibration is reason- 
able. The internal consistency of the data 
is quite good; points taken several weeks 
apart while searching various parameters 
agree. These data are directly comparable 
to the data concerning the reaction of 
ammonia and molecular oxygen (10) since 
the same Pt single crystal, experimental 
system, and calibrations have been used 
in both analyses. The reactivity experi- 
ments were run using a number of intro- 
duction sequences for the reactants. Below 
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FIG. 2. Nitrogen formation rate as a function of platinum temperature for an approximately 
stoichiometric mixture of ammonia and nitric oxide. 

500°C t,he steady-state rates were a unique 
function of temperature and reactant 
partial pressure. Above 500°C t’he situation 
is more complex because nitric oxide can 
oxidize the platinum surface. Oxidation of 
t,he platinum surface can be dct,ected 
using AES (9, 10). The reactivity experi- 
mcnts reported here were run on an 
oxide-free surface. For temperatures below 
250°C prolonged induction periods were 
required to attain steady-state rates bc- 
cause the concentration of adsorbed spccics 
becomes important in determining the 
overall reaction rate. In this t’emperature 
range t,he reaction rate can also bo re- 
versibly aff ectcd by prolonged cxposurcs 
to the electron beam used for AES. 
Thcrcforc, electron beam exposures were 
minimized. This change in rr>action rate is 
probably caused by electron beam induced 
dissociation of either or both of t’he re- 
actants as has been reported previously (9). 
The reactivity versus temperature data 
wcrc taken so that monotonic increases 
or decrcascs in tcmpcrature were avoided. 
The concentration data were taken in t’he 
same mannctr by choosing non-progrcssivc 
concentrations. 

The thermal dcsorption results used in 
t)his study were obt,ained by first saturating 

the surface during steady-state reaction 
studies (at reaction temperature). The 
temperature of the sample was then in- 
crcascd, and the desorbing spccics were 
monitored mass spectromctrically. The 
species dcsorbed arc a result of both 
reaction at the initial tcmpcrature of ad- 
sorpt’ion and reaction during the thermal 
dcsorption process. They have been used 
as a qualit’ative indication of surface 
conditions at the steady-state reaction 
condition. If t,he dcsorption maxima occur 
at t#he same temperature during simple 
adsorption-drsorption cxpcriments and de- 
sorption experiments following saturation 
during steady-state reaction, no “new” 
rate-limiting rcact#ion st,ep is involved in 
the desorption process following saturat’ion 
with the reaction mixture>. 

DATA 

The reaction between ammonia and 
nitric oxide proceeds rapidly over this 
stepped platinum single crystal surface in 
the 150 t’o 500°C temperature range. 
Maximum reaction probabiliticas (rate of 
product formation/collision rate of limiting 
reactant) in the range 0.03 to 0.07 have 
been observed at 200 to 250°C. Molecular 
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FIG. 3. Nitrogen formation rate as a function 
of platinum temperature for a reaction mixture 
containing excess nitric oxide. 

nitrogen was the only nitrogen-containing 
product observed during these studies. 
During all the steady-state reactivity ex- 
periments reported here, data were taken 
to check for nitrous oxide formation ; 
however, no catalytic nitrous oxide forma- 
tion was observed during any of the 
experiments reported. The mass spec- 
trometer sensitivity for NzO was confirmed 
by adding NzO to the gas phase. The 
overall chemical reaction which describes 
this reaction is : 

4NH3 + 6N0 t 5Nz + GH,O. (2) 

The nitrogen formation rate as a func- 
tion of platinum temperature is shown in 
Fig. 2 for an approximately stoichiometric 
mixture of ammonia and nitric oxide. The 
reaction rate increases rapidly from ap- 
proximately 100°C until the maximum 
rate is attained at approximately 250°C. 
Above 250°C the reaction rate decreases 
with increasing temperature. Analysis of 
the surface using AES during these re- 
activity studies indicates that the surface 
coverage of nitrogen-containing species dc- 
creases as temperature increases for fixed 
gas-phase composition. 

The nitrogen formation rate as a func- 
tion of platinum temperature is shown in 
Fig. 3 for a reaction mixture containing 
excess nitric oxide. The shape of this curve 
is very similar to the reactivity curve for 

a stoichiometric ratio of ammonia and 
nitric oxide; however, the reaction initia- 
tion t’emperature is shifted to a slightly 
higher temperature. Figure 4 shows the 
nitrogen formation rate as a function of 
temperature for a reaction mixture with 
excess ammonia. The maximum nitrogen 
formation rate occurs at about 200°C and 
is approximately half the maximum rate 
observed in Figs. 2 and 3. 

Detailed kinetic studies have been per- 
formed in two temperature ranges. A set 
of kinetic studies has been performed at 
400°C. Surface analysis by AES during 
these kinetic studies at 400°C indicates 
that the surface is essentially vacant. 
Small concentrations of nit’rogen-containing 
surface species were observed (RN = 0.19) 
depending on the precise reaction condi- 
tions. The data in Fig. 5 indicate that the 
nitrogen formation rate is first order in 
nitric oxide pressure at 400°C. Figures 6a 
and 6b show that the nitrogen formation 
rate is half-order in ammonia pressure at 
400°C in excess nitric oxide. 

Kinetic studies have also been run at 
lower temperatures (150-200°C). In this 
temperature range AES indicates that the 
surface is covered with a considerable con- 
centration of adsorbed nitrogen-containing 
species during reaction (RN 2 0.25). The 
surface concentration detected by Auger 

t 
PNH3’PN0 = 4 

Total Pressure = 6.4 x 1O-g torr 
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FIG. 4. Nitrogen formation rate as a function 
of platinum temperature for a reaction mixture 
containing excess ammonia. 
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depends on the exact reaction conditions. 
The data in Fig. 7 show the nitrogen 
formation rate as a function of nitric oxide 
pressure at 1,50 and 200°C. In excess am- 
monia the reaction rate increases with 
increasing nitric oxide pressure. In excess 
nitric oxide the reaction rate saturates and 
decreases with increasing nitric oxide prcs- 
sure. The data in Fig. 8 show that the 
nitrogen formation rate saturates with 
increasing ammonia prcssurc in excess 
ammonia at 130 and 200°C. xo inhibition 
of the reaction rate is observed with the 
addition of excess ammonia. 

Figure 9 shows the reaction rate at 150 
and 200°C as a function of t’he concen- 
trttion of nitrogen containing surface 
species as detected by AES. These data 
wcrc taken during the steady-state re- 
activity stud& shown in Fig. 7. The 
variation in nitrogen Auger signal was 
induced by changrs in nitric oxide pres- 
sure. The surface data indicate that ini- 
tially the addition of nit’ric oxide to the 
reaction mixture causes an increase in the 
concent’rat’ion of adsorbed nitrogcn-con- 
taining species and an increase in the 
rcact’ion rate. With addition of excess 
nitric oxide the concentration of adsorbed 
nitrogen-containing species increases even 
further. The reaction rate reaches a maxi- 
mum and then decreases as the concen- 
tration of nitrogen-containing surface spe- 
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FIG. 5. Nitrogen formation rate as a function 
of nitric oxide pressure. The rate is first order in 
nitric oxide pressure at 400°C. 
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FIG. 6. (a and b) Nitrogen formation rate as 
a function of ammonia pressure. The nitrogen 
formation rate is half order in ammonia pressure 
at 4OO’C in excess nitric oxide. 

ties increases due to addition of cxccss 
nitric oxide. A comparison of the data at 
150 and 200°C indicates that the surface 
contains a larger concentration of adsorbed 
nitrogen-containing species at 150°C for 
a given reactivity level. As mentioned the 
clean plat’inum surface has a nitrogen 
Auger ratio of Rx ‘v 0.174 (9) and a ni- 
trogen ratio RN E 0.54 for a (2 X 2) ni- 
trogen or nitric oxide overlayer containing 
about 4 X 10’4 nitrogen atoms or nitric 
oxide molecules. 

A series of Auger and thermal desorption 
experiments was done during the steady- 
state reactivity experiments. Below the 
react,ion initiation temperature (- 100°C) 
a large concentration of nitrogen-contain- 
ing species arc adsorbed on the platinum 
surface (RK ‘U 0.6-0.9) during exposure 
to the reaction mixture. Thermal dcsorn- 
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FIG. 7. Nitrogen formation rate as a function 
of nitric oxide pressure at 150 and 2OO’C. In ex- 
cess nitric oxide, the reaction rate saturates and 
decreases with increasing nitric oxide pressure. 

tion spectra indicate that the primary 
species desorbing for a surface saturated 
by exposure to the reaction mixture below 
100°C are nitric oxide and molecular ni- 
trogen. (The water formed during the 
reaction desorbs rapidly in the tempera- 
ture range studied.) The peak temperatures 
for desorption correspond to the peak 
temperatures observed during simple ad- 
sorption studies of NO (9) and nitrogen 
(10). Nitric oxide desorption yields two 
peaks at about 75 and 165°C while the 
maximum nitrogen desorption rate occurs 
at about 210°C. Approximately equal 
amounts of nitric oxide and nitrogen were 
desorbed from a surface saturated by ex- 
posure to any reaction mixture below 
100°C regardless of the relative pressures 
of ammonia and nitric oxide in the reaction 
mixture. Small amounts of desorbing am- 
monia and hydrogen were also observed 
(-10% of desorbing nitrogen or nitric 
oxide) following saturation of a cool sur- 
face with reaction mixture. The desorbing 
ammonia appeared as a very broad 
(-300°C) shallow peak unlike ammonia 
desorption spectra observed in simple ad- 
sorption-desorption experiments. 

In the 150 to 2OO’C temperature range 
the identity of the major species desorbing 
from a surface saturated by exposure to 
the reaction mixture depends strongly on 

the stoichiometry of the reaction mixture. 
In excess ammonia the primary desorbing 
species is molecular nitrogen. The amounts 
of desorbing nitric oxide and ammonia are 
similar but significantly smaller than the 
amount of desorbing nitrogen. Following 
saturation of this surface at 150 to 200°C 
with t.he stoichiometric reaction mixture 
or mixtures containing excess nitric oxide 
the primary desorbing species are molecu- 
lar nitrogen and nitric oxide. 

Several isotope exchange experiments 
were performed in order to confirm the 
validity of mechanistic proposals made in 
the discussion section. Adsorption-desorp- 
tion experiments with mixtures of NH, 
and IC’D, indicate that dissociative ad- 
sorption predominates even at -19O’C. 
The rate of ammonia recombination and 
desorption [NHz(ads) + H(ads) + NH,- 
(gas)] was also compared with the total 
molecular nitrogen formation rate during 
steady-state reactivity experiments. An 
equimolar mixture of NH, and ND, was 
oxidized with a stoichiometric amount of 
NO, and the catalytic production of NDzH 
and Nz was monitored. The rate of NDHz 
formation could not be monitored because 
the HrO product formed during reaction 
has the same charge to mass ratio. The 
catalytic NDzH formation rate was 0.7 

E- 
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FIG. 8. Nitrogen formation rate as a function 
of ammonia pressure at 150 and 200°C. The rate 
saturates with increasing ammonia pressure in 
excess ammonia. No inhibition of the reaction rate 
is observed with the addition of excess ammonia. 
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FIG. 9. Nitrogen formation rate at I.50 and 2OO’C as a function of the nitrogen-containing 
surface species as detected by AES. 

times t’he Kz formation rate at 200°C. 
At 400°C the NDzH format’ion rate was 
1.0 times the Nz format’ion rate. During 
this same series of experiments we ob- 
served no catalytic HD formation. The 
background lcvcls were substantial at 
3 amu ; we estimate t)hc recombination 
and dcsorption rate of hydrogen is at least 
lo-fold smaller t)han the total oxidation 
rate. 

The dat,a in Fig. 10 report the resultIs 
of a study of the reaction between nit’ric 
oxide and ammonia in the presence of 
small amounts of oxygen. The data in 
curve a indicat’e the measured reactivity 
of this surface at 200°C for the reaction 
between NH, and OS as a function of 
oxygen pressure. As rcportrd previously 
the only product observed under these 
condit’ions is molecular nit#rogcn (IO). The 
ammonia oxidation reaction is first order 
in oxygen pressure confirming earlier re- 
sults (10). The data in curve b relate the 
results of a series of experiments using 
KHa, SC), and OS as reactants. These 
experiments were run on the same surface 
under the same conditions as the experi- 
ments shown in curve a cxccpt that 

1 X 10Vg Torr of nitric oxide was added 
to the reaction mixture. The data in 
curve b indicate that the conversion of 
ammonia to nit’rogen increases with ad- 
dition of oxygen to the reaction mixture 
containing NH3 and NO just as it did in 
the absence of nitric oxide. The slope of 
the two reactivity curves (in the presence 
and absence of SO) is the same. This 
dat’a indicat’e that addition of oxygen to 
a KO and NH3 reaction mixture does not 
seem to increase the reaction rate markedly 
(under these reaction conditions). Large 
increases in reaction rate were previously 
observed in studies (2, 4, 6) of this same 
reaction over supported catalysts at atmo- 
spheric pressure. 

DISCUSSION 

The results of the kinetic studies at 
400°C (Figs. 5, Ga, and 6b) indicate that 
the reaction is half order with respect to 
ammonia pressure and first order with 
rcspcct to nitric oxide pressure. These 
result’s imply t#hat dissociated ammonia 
and molecular nitric oxide are participating 
in the rate-limiting reaction. These prcs- 
sure dependences agree with earlier studies 
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FIG. 10. Nitrogen formation rate at 200°C as a function of oxygen pressure. 

of this same reaction studied on supported 

platinum catalysts (S, 6-8). The fact that 
dissociated ammonia participates in the 

rate-limiting step implies that adsorption 
and dissociation of the ammonia is occur- 

ring prior to the rate-limiting reaction. 
The isotope exchange results indicate 

that the dissociatively adsorbed ammonia 

fragments on the surface are in equihbrium 
with the gas-phase ammonia pressure since 
the rate of catalytic ND,H formation 
indicates that the ammonia recombination 
and desorption rate is larger than the N, 
formation rate over the temperature range 
studied. (Adsorption studies indicate that 
statistical exchange occurs for ammonia 
adsorbed on this platinum surface. There- 
fore, the total exchange rate should be 
about 2.7 times larger than NDZH forma- 
tion rate since exchange should also yield 

NH3, NDH2, ND2H, and ND,.) The re- 
combination and desorption of hydrogen 

occurs at a much lower rate than eit,her 
the ammonia exchange reaction or the 

nitrogen formation reaction as indicated 
by the fact that no ND formation was 
observed during oxidation of NHS, ND8 

mixtures. This result indicates that the 
NH2 and H surface concentrations should 
be similar since they are determined by 

the gas-phase ammonia pressure. 
Analysis of the surface during the 

steady-state reactivity experiments using 
Auger indicates that the surface is essen- 
tially clean at 400°C ; very small concen- 
trations of nitrogen-containing species are 
observed (RN IV 0.17 to 0.19). The kinetic 
results taken at 150 and 200°C are more 
complex since the surface contains a sig- 
nificant concentration of adsorbed nitrogen- 
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containing species. Qualitatively, the results 
shown in Fig. 7 indicate that the reaction 
rate decreases with addition of excess 
nitric oxide. This observation coupled with 
the observat#ion that dissociat,ed adsorbed 
ammonia participates in t-he rate-limiting 
reaction indicat,es that this reaction can be 
described by a Langmuir-Hinshelwood re- 
action scheme wit’h the rate-limiting rc- 
action occurring between adsorbed mo- 
lecular NO and an adsorbed fragment of 
ammonia. This conclusion also agrees with 
earlier work done over supported platinum 
(3, 6-8). 

A more detailed examinat’ion of the rate 
data in Fig. 7 indicates that both the in- 
crease and decrease of the rate at 150°C 
is approximately first order wit’h respect 
to increased nitric oxide pressure. How- 
ever, the data taken at 200°C (Fig. 7) 
indicate that the decrease of the nitrogen 
formation rate is approximately half order 
with respect to nitric oxide pressure 
(0.5 f 0.1). If the only inhibiting surface 
species were adsorbed nitric oxide, a 
simple first-order rat’e law should result 
at both temperatures. These results in- 
dicate that the reaction rate may be 
inhibited by some other surface species. 
Figure 8 indicates that the reacbion is not 
inhibited by addition of excess ammonia 
to the reaction mixture. Below 200°C 
thermal desorption spectra taken from 
reaction-saturated surfaces show that sig- 
nificant amount’s of molecular nitrogen 
desorb. Nitrogen desorption spectra taken 
from this surface after saturation with the 
reaction mixtures agree with nitrogen de- 
sorption spectra taken following adsorp- 
tion of atomic nitrogen (9), nitric oxide (9), 
or ammonia (3). All t’he desorption spectra 
indicate that the maximum nitrogen de- 
sorption rate occurs at about 225’C. 
Therefore, nitrogen inhibition of this Lang- 
muir-Hinshelwood reaction seems reason- 
able in the 150 to 200°C temperature 
range. 

We have used the single site Langmuir- 

Hinshclwood reaction scheme proposed by 
earlier workers (8, 6-8). However, we ob- 
serve no nitrous oxide formation; therefore, 
we have used a previously proposed minor 
reaction pathway so that both reaction 
branches yield nitrogen (3, 6-8). The iso- 
tope exchange results mentioned previously 
indicate that the reaction (3) controls the 
hydrogen and ammonia fragment’ concen- 
tration on t,he surface since the rate of the 
recombination-desorption reaction is larger 
than t’hc total forward rate of ammonia 
oxidation. 

KNHS 

NHs(g) z? NH2(ads) + H(ads) (3) 
KNO 

NO(g) s NO (ads) (4) 

NH% (ads) + ?I’0 (ads) : Nz (g) 

+ &O(g) (5) 

NO(ads) + H(ads) 2 [HNO(ads)] (6) 

[HNO(ads)] + H(ads) 2 N(ads) 

+ H2Ok) (7) 

N(ads) + N(ads) 2 S,(g). (8) 

The fractional coverages of all the sur- 
face species can be expressed in terms of 
the react’ion rate (r), gas phase reactant 
pressures (PNo, P&, the equilibrium 
constants, and rate constants defined in 
the preceding reaction scheme. The frac- 
tional coverage of vacant surface sites is 
denoted 8 in the following expressions; 
the surface coverage of each surface species 
is denoted 9~ where A is the adsorbed 
species. 

(11) 
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0 NH0 = 

(12) 

(13) 

If we consider t’he case where the pre- 
dominant surface species are nitric oxide 
and nitrogen atoms (as indicated by the 
thermal desorption results), the relevant 
rate equation is : 

h(b + ~~~)(KNH~~PNH~~KNoPNo) 
7"= 

[k-t(l + KNOPNO + ~~~KNH~~PNw~~KNo~PNo~)]' - 
(14) 

The second term in the denominator cor- 
responds to t’he surface coverage of NO ; 
the third term corresponds to the nitrogen 
surface coverage. This rate equation indi- 
cates that the nitric oxide inhibition pres- 
sure dependence should range from first 
order to zero order depending on the 
relative importance of the second and 
third terms in t’he denominator. The rate 
expression also indicates that the rate 
should not depend on ammonia pressure 
in excess ammonia (third term in the 
denominator). In summary, all the kinetic 
observations made during this study can 
be explained using a simple Langmuir- 
Hinshelwood reaction scheme. The ele- 
mentary reaction steps and intermediates 
are considered reasonable, but other sets 
of elementary step and/or reaction inter- 
mediates might also explain the observed 
data. Further studies of this reaction using 
isotope labeling and more explicit surface 
spectroscopies are currently underway in 
order to determine the det’ails of the re- 
action mechanism. 

The qualitative features of the reaction 
temperature profiles shown in Figs. 2, 3, 
and 4 can also be explained using this 
simple Langmuir-Hinshelwood reaction 
scheme. The rapid increase in the reaction 
rate above 100°C may be caused by 
reduced inhibition of the reaction rate by 
adsorbed species or the reaction rate may 
be limited by the product desorption rate. 
The thermal desorption results indicate 
that nitric oxide and nitrogen are the 
primary desorbing species. Inhibition of 
the reaction by adsorbed nitric oxide 

and/or nitrogen is reasonable since nitric 
oxide has a desorption maximum at 165°C 
and nitrogen has a desorption maximum 
at 225°C in simple adsorption-desorption 
experiments run on this same surface (9). 

The decrease in the reaction rate above 
250°C may be the result of a decrea+g 
surface concentration of reactant molecules 
or reactive fragments. Surface analysis by 
Auger elect’ron spectroscopy in this tcm- 
perature range indicates that the surface 
concentration of nitrogen-containing spe- 
cies decreasing with increasing temperature 
for fixed gas-phase composition. 

Data taken at 400°C by AES during 
steady-state reactivity experiment,s indicate 
that the surface coverage of nitrogen- 
containing species is very low. Therefore, 
inhibition of the reaction rate by adsorbed 
species is minimal as evidenced by the 
simple rate law observed at 400°C: 
?-(llkPNOPN&B. 

Comparing Figs. 2 and 3 we observe 
that the mixture containing more nitric 
oxide (Fig. 3) has a higher reaction initia- 
tion temperature. That is, at a given 
temperature the data in Figs. 3 and 4 
indicate that addition of excess NO in- 
hibits the rate. This confirms the kinetic 
data shown in Fig. 7. The data in Fig. 7 
also indicate that the NO/NH3 ratio cor- 
responding to maximum reaction rate 
increases with increasing temperature (for 
150 and 200°C). This indicates that at 
200°C the reaction is not being inhibited 
as severely by excess NO as it is at 150°C. 

The reactivity data for reactions run in 
excess NHs (Fig. 4) indicate that the 
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maximum nitrogen formation rate is con- 
siderably smaller than that’ observed wit’h 
stoichiometric or mixtures with excess 
nitric oxide. However, caution should be 
exercised in drawing this conclusion since 
the approximate reaction probability in 
terms of nitric oxide collisions is approxi- 
mately 0.05 at the maximum in the re- 
activit’y curve. The reaction rate may be 
limited by nitric oxide pressure in this 
regime. 

The data in Fig. 9 show the reaction 
rate at 150 and 200°C as a function of 
surface concentration of nitrogcn-contain- 
ing species as detected by AES. The 
Auger peak ratio should give a reasonable 
estimate of t’he sum of all the nitrogcn- 
containing species on the surface as indi- 
cated earlier (9, 10). This change in con- 
centration of nit,rogen-containing species 
was induced by experimental changes in 
P No. Qualitatively, t’hc data show the 
type of behavior expected for a Langmuir- 
Hinshclwood surface reaction. Initially the 
reaction rate increases with increasing sur- 
face concentration; the reaction then goes 
through a maximum and declines as the 
surface becomes covered with a larger 
concentration of adsorbed nitrogm-con- 
taining species. The surface coverage cor- 
responding to the maximum reaction rate 
decreases with increasing temperature. 
There are several plausible explanations 
for these data. The type of adsorbed 
nitrogen-containing species may be chang- 
ing with temperature. In this case the 
large concentratjion of nitrogen-containing 
surface species present during the reaction 
at 150°C (RN ‘v 0.34-0.25) may bc caused 
by the presence of a nonreactive surface 
species. In fact, the thermal dcsorption 
results support this explanation and sug- 
gcst t’hat the nonreactive surface spccics 
may be adsorbed nitrogen (the product). 
Another possible explanation would involve 
a change in the reactive site on t,his plati- 
num surface. If several different types of 
surface sites (a minimum of two) with 

different heats of adsorption for the re- 
active surface species exist’, a change in 
temperature may change the distribution 
and concentration of reactive species on 
the surface. For instance, a large concen- 
tration of adsorbed reactant adsorbed on 
a strong adsorption site could be unreactive 
at low tempcraturc leading to the high 
concentration of nitrogen-containing spc- 
tics observed at 150°C. The evidence 
available at, present strongly favors the 
first explanation; however, the second is 
cert’ainly not excluded and may also be 
contributing. 

.4s mentioned previously the mechanism 
used to explain this work was originally 
proposed to explain data obtained on 
supported catalyst,s operat,ing at atmo- 
spheric pressure (3, 6-8). The rcactivit’y 
temperature profiles and kinetic data taken 
using supported cat’alyst’ are surprisingly 
similar to the data presmt,cd in t,his paper. 
This similarit,y indicates that a similar 
mechanism may prevail over huge varia- 
t,ions in operating pressure (from lo”-lo-+ 
Torr). Reaction initiation temperatures arc 
higher using higher pressures presumably 
due to inhibition caused by increased 
surface concentrations of reactants or 
products. IYo nit’rous oxide formation is 
observed in these low-prcssurc studies, 
although large concentrations are observed 
at high prcssurc. Using the mechanism 
postulated by Otto et nl. (‘7, 8) nitrous 
oxide is formed by combinat’ion of two 
HNO surface species. 

2HNO ----) [Surface Complex II] -+ 

PC\‘,0 + H,O. 

In our situation WC proposed that the 
HNO formed reacts with another surface 
H to yield nitrogen atoms. That is, under 
low-pressure conditions the surface con- 
centration of HXO may not bccomc large 
enough to allow significant rrcombinat,ion 
rates to occur. 

The experiments carried out with the 
ammonia, nitric oxide, and oxygen system 
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indicate that at least under these condi- 
tions the two reactions NH, + NO -+ Nz 
and NH, + 02 --+ Nz may simply be ad- 
ditive. The evidence is certainly not com- 
pelling but indicates that no large changes 
in reaction rates and probably reaction 
mechanism are occurring. An earlier study 
of the NH, + 02 reaction in detail (10) 
indicates that the NH3 + O2 + N2 rcac- 
tion may proceed at least partially via 
a nitric oxide surface intermediate in this 
temperature range. If this were the case, 
no dramatic increase in the Nz formation 
rat’e would necessarily be observed for 02 
additions to NO + NHs reactant streams. 
A large increase in the catalytic activity 
of this surface for either reaction (NH3 
+ NO or NH, + 0,) seems unlikely under 
these experimental conditions since the 
reaction probability for each of these re- 
actions separately at 200°C is very high 
(-0.05). This observation does not agree 
with earlier work done on supported cata- 
lysts at atmospheric pressure (S, 8-8). The 
effects observed at higher pressure with 
supported catalyst may be caused by 
oxidation of the catalyst in the presence 
of gas-phase oxygen. 

CONCLUSION 

The reduction of nitric oxide by am- 
monia proceeds rapidly in the 150 to 550°C 

. range, the only product observed is mo- 
lecular nitrogen. The rate-limiting reaction 

occurs between an adsorbed fragment of 
ammonia and adsorbed molecular nitric 
oxide. The reaction rat’e is inhibited by 
addition of large excesses of nitric oxide to 
the reaction mixture. The observed reac- 
tion kinetics can be modeled using a 
single-site Langmuir-Hinshelwood reaction 
scheme. 
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