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The reduction of nitric oxide with ammonia was studied using batch-mode and flow-mode mea- 
surements in partial pressure ranges of 70-660 Pa (0.5-5 Torr) on polycrystalline platinum foils 
over the temperature range of 373-633 K. The reaction products observed were nitrogen, nitrous 
oxide, and water. Unimolecular decompositions of NO or NH3 were not detectable under these 
conditions, up to 773 K. The reduction of nitric oxide with ammonia occurred in the temperature 
range of 548-633 K. The Arrhenius curve of the reaction showed a break in the 563-603 K range, 
which was slightly dependent on the reactant concentrations. In this temperature range the reaction 
became oscillatory. The activation energies were 102 kJ/mol in the low-temperature and 212 kJ/ 
mol in the high-temperature ranges, respectively. The product distribution was different in the two 
temperature regions; in the low-temperature range the N2/N20 ratio was close to 1, while in the 
high-temperature regime N 2 formation was dominant, and the previously formed N20 was consumed 
as well. © 1991 Academic Press, Inc. 

INTRODUCTION 

Combustion of carbon or hydrocarbons in 
the 1500-1800 K temperature range that is 
usually employed can lead to the formation 
of substantial amounts of nitrogen oxides 
(10-103 ppm) (1, 2) by direct reactions be- 
tween nitrogen and oxygen. Many studies 
(3, 4) have been carried out on the catalytic 
removal of NO, and ammonia is an effective 
reducing agent according to the reactions 

4NH 3 + 6NO ~ 5N 2 + 6H20 (1) 

2NH 3 + 8NO--* 5N20 + 3H20. (2) 

The catalyst frequently used commer- 
cially to perform these reactions is vana- 
dium oxide-titanium oxide (5). The kinetics 
of NO reduction on these oxides have been 
studied in some detail (6). It should be noted 
that the reaction is carried out in excess 
oxygen (7) (typically 0-1% 02, 0-1000 ppm 
NO and NH3; T = 673-873 K), and thus the 
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surface conditions of the catalysts reflect 
the highly oxidizing conditions. 

Platinum, an excellent oxidation catalyst 
may also be used for NO reduction by am- 
monia in the presence of excess oxygen. It 
promises to have much higher turnover 
rates than the transition metal oxides and it 
is worthy of exploration in depth for this 
purpose. This is the aim of our studies. We 
use =2-cm 2 surface area polycrystalline 
foils of platinum as model catalysts. The 
surface is cleaned and characterized by 
UHV surface science techniques. Then, it 
is enclosed in a reaction cell that can be 
pressurized to reach atmospheric pressure 
and the NO + NH 3 reaction is studied by 
measuring the rates of the reaction as a func- 
tion of temperature and reactant pressures. 

Our studies of the NO/NH3 reaction over 
platinum are divided into two parts: (a) stud- 
ies in the absence of oxygen and (b) studies 
in excess oxygen. In this paper we report 
the kinetics of this reaction in the absence 
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FIG. 1. Schematic diagram of the UHV chamber equipped with the high-pressure cell. 

of oxygen. Detailed kinetic studies of the 
oxygen-containing reaction system will be 
reported elsewhere. Our studies were car- 
ded out in the 373-633 K temperature range 
using 70-650 Pa (0.5-5 Torr) partial pres- 
sure range for the reactant gases. The reac- 
tion rates were measured both in the batch 
mode and flow mode. 

EXPERIMENTAL 

A. Apparatus 

The measurements were carried out in a 
low-pressure, high-pressure system de- 
signed for combined surface analysis and 
catalytic studies using small area samples. 
The schematic diagram of the apparatus is 
shown in Fig 1. Using this system the Pt 
samples were prepared and characterized 
under ultrahigh-vacuum (UHV) conditions 
and then isolated from the main chamber by 
the use of the high-pressure cell, which is 
connected to a recirculation loop that can 
be used as a batch reactor for high-pressure 
catalytic experiments. It is also possible to 
use this reactor in flow mode when the reac- 

tion mixture passes the catalyst once with- 
out recirculation. After the reaction, the 
high-pressure cell can be evacuated and re- 
opened in order to carry out further surface 
characterization without exposing the sam- 
ple to air. 

The main vacuum system consisted of a 
stainless-steel chamber that was pumped by 
a high-speed oil diffusion pump (Varian 
VHS 6) equipped with a liquid nitrogen trap 
(Varian 362-6). A base pressure of 6-10 x 
I0 -s Pa (5-8 × 10 -I° Tort) was achieved 
after 24 h bake out at 373 K. The background 
consisted of mostly CO, CO2, H20, and air 
from a virtual leak in the sample manipula- 
tor. The chamber was equipped with a nude 
ion gauge (Varian 971-5008) for pressure 
measurements; an ion sputtering gun (PHI 
4-161) for sample cleaning; a quadrupole 
mass spectrometer (MS) (UTI 100C) for 
gas analysis, which was mounted on bel- 
lows and equipped with a tubular guide for 
temperature-programmed desorption spec- 
troscopic (TDS) studies; a homemade Auger 
electron gun; and a four-grid electron optics 
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retarding field energy analyzer (RFA) (Var- 
ian 981-0127) for Auger (AES) and low- 
energy electron diffraction (LEED) studies. 
There were two evaporative metal sources 
(Ti and V) built in the chamber for later use 
as well. 

The manipulator, which allowed rota- 
tional movement, consisted of two copper 
rods ending with small Pt pieces that held 
the sample. The 2-cm 2 area 0.0254-mm- 
thickness Pt foil was spot welded to 0.254- 
mm gold wires, which were spot welded to 
these Pt pieces. The foil was heated re- 
sistively by applying a current to the copper 
rods. A chromel-alumel thermocouple was 
spot welded to the bottom edge of the sam- 
ple. The temperature was calibrated using 
an optical pyrometer. The copper rods were 
hollow, which allowed cooling either with 
liquid nitrogen for TDS or air flow for cata- 
lytic measurements. 

The manifold system was constructed of 
stainless-steel 6.35-mm-diameter tubes and 
stainless-steel ball valves (Nupro SS 421). 
Reactant gases were introduced via flow me- 
ters (Matheson FM 1051B). Pressure was 
measured by Wallace-Tiernan gauges (FA 
160, FA 20). The manifold was pumped with 
a mechanical pump followed by liquid 
nitrogen-cooled sorption pumps. The re- 
actant mixture was circulated with a teflon- 
lined circulation pump (Fluorocarbon GP 
21B) that contained no metallic part in the 
way of the gases. The highest flow rate that 
we obtained using this pump was approxi- 
mately 250 cma/min. Sequentially intro- 
duced reactants were mixed after 2 min ac- 
cording to MS analysis. 

A six-way sampling valve was incorpo- 
rated into the reactor exit tube. The sam- 
pling loop consisted of a photo ionization 
detector (PID) (HNU), which was only sen- 
sitive for the NO in the reaction mixture, 
and thus no separation was necessary. We 
used this detector for our early measure- 
ments and for calibration the performance 
of our MS. GC analysis was also carried 
out using this sampling valve. We obtained 
proper separation ofAr,  N2, 02, NO, N20, 
and NO2 on a 6-m Hayesep D polymer col- 
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FIG. 2. Auger spectra of Pt foils. (A) Spectrum of 
cleaned sample before the reaction; (B) after the reac- 
tion. The only surface components that can be detected 
by AES except of Pt are N (385 EV) and C (272 EV). 

umn at 308 K, but NH3 and H20 wee irre- 
Versibly adsorbed. Since the time of the 
analysis was Iong compared to the time of 
the reaction, we used MS analysis for the 
kinetic studies. 

B. Gases 

For the reaction 1% NO in helium, 1% 
NH 3 in helium, 1% 02 in helium, and 1% 
Ar in helium (Matheson certified standards) 
were used without further purification. For 
the ion sputtering and oxygen treatment 
high-purity Ar and 02 (Airco) were used re- 
spectively. High-purity NH3, N20 , NO, 
NO2, N2, and 02 gases were used for cali- 
bration. 

C. Sample Preparation 

Platinum samples were cleaned by subse- 
quent ion sputtering (6.65 x l0 -3 Pa (5 x 
10 -5 Torr) At, 2 kV, 30 mA, 15/zA) and 02 
annealing (973 K, 1.33 x 10 -4 Pa (1 x 10 -6  

Tort)). The cleanliness of the surface was 
monitored by AES (15-mA emission, 2 KV, 
60-/zA incident current with a 3-ram-diame- 
ter defocused beam, 5-V modulation, 50 V/ 
rain sweep). The Auger spectrum of the 
cleaned sample is shown in Fig. 2A. 

D. Experimental Procedure 

After cleaning the sample, the high-pres- 
sure cell was closed, the circulation pump 
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was started, and the reactants were intro- 
duced into the reaction loop via the flow 
meters, using a pressure gauge to measure 
the introduced amounts. Since our reactants 
were in I% concentration in He balance, 
pressure was measured in 0- to 103-kPa 
(0-760 Torr) scale with accuracy of 650 Pa 
(5 Torr); this resulted in high accuracy and 
reproducibility at setting initial partial pres- 
sures. It was possible to introduce pure 
gases using auxiliary valves when higher 
partial pressures were used. In those cases, 
a low-pressure gauge was used with accu- 
racy of 13.3 Pa (0.1 Torr), and the reaction 
loop was filled up with He to obtain 103 kPa 
(760 Torr). All the reactions were run at a 
total pressure of 103 kPa (760 Torr) in order 
to obtain the same circulation speed. Most 
of the experiments were carried out using 
nonhelium compounds with total pressure 
of 1.03 kPa (7.6 Torr). 

We applied MS analysis to determine gas- 
phase concentrations in the reaction mix- 
ture. Instead of using separate leak valve to 
introduce gases into the UHV chamber we 
utilized the leak that occurred at the sealing 
of the high-pressure cell. We modified the 
hydraulics of the high-pressure cell closing 
system in order to achieve fine adjustment 
of this leak. Since the sum of the partial 
pressures of the reactants was 1% of the 
total pressure, 2.66 × 10 -4 Pa (2 x 10 -6 
Torr) was set in the UHV chamber in order 
to get compounds partial pressures in the 
10 -6 Pa (10 -s Torr) range. We assumed that 
because of the high dilution of the mixture, 
the sensitivity of the ion gauge did not de- 
pend on the composition. We also used Ar, 
as an internal standard in the reaction mix- 
ture in the same partial pressure range as 
the other compounds. Using the intensity 
at AMU 40 for Ar and assuming that it is 
proportional to the leak rate into the cham- 
ber, we could eliminate the uncertainty due 
to the poor reproducibility of the setting of 
the background pressure and any changes 
in the pressure in the chamber during the 
reaction. Calibration was carried out for all 
of the compounds. Intensities were normal- 
ized to the Ar internal standard. Multiple 

fragmentation patterns were taken into ac- 
count as well as background intensities. 

The MS was connected to a programma- 
ble peak selector (PPS) (UTI 2064), which 
allowed the use of the selected ion monitor- 
ing (SIM) technique. Usually, eight peaks 
were monitored continuously. The PPS was 
on-line connected to an IBM compatible PC 
via serial communication adapter. The sam- 
piing cycle, during which the PPS read all 
the preset intensities and sent them to the 
PC, was approximately 6 s. 

Four minutes after the reaction mixture 
had been introduced and 2.66 x 10 -4  Pa (2 
× 10 -6 Torr) was set in the chamber, the 
MS-PPS analysis was started and peak in- 
tensities were recorded for 1 min in order to 
determine initial concentrations in the reac- 
tion loop. Then the catalyst was heated to 
the desired temperature, which was reached 
within --- 1 K in I min using precision temper- 
ature controller. The copper rods of the ma- 
nipulator were cooled applying air flow 
through them. During the reaction the peak 
intensities were continuously recorded. At 
the end of the reaction the reaction loop 
was pumped down. During this period, peak 
intensities were also recorded in order to 
obtain background values for each recorded 
channels. The 10-bit resolution data were 
stored in ASCII files. 

Gas-phase concentrations were calcu- 
lated using data handling software. The ac- 
curacy of N2, NO, and N20 measurement 
was within 5%. In the case of NH3 and H20, 
because of their strong adsorption capabil- 
ity, this accuracy was between ___ 10%. Com- 
parison of background data before and after 
the reaction showed that during the reaction 
both the NH3 and H20 related peaks were 
increased. Blank experiment was carried 
out using Au foil instead of Pt. We did not 
find background activity within the limits of 
our experimental detectability. 

RESULTS 

A. N H  3 and NO Decomposition 
Within the limits of our selected ion moni- 

toring mass spectrometric analysis, we did 
not find decomposition products either for 
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NH 3 or NO in the temperature range of 
373-673 K and partial pressure ranges of 
66-1010 Pa (0.5-7.6 Torr). These findings 
are in good agreement with literature data. 
Schmidt (8) and co-workers reported the ap- 
pearance of the decomposition of ammonia 
above 773 K over Pt wires at pressures of 
13-266 Pa (0.1-2 Torr). The decomposition 
is pressure independent at lower tempera- 
tures (773-1000 K) and becomes first order 
in the high-temperature region (1200-1500 
K). Although the repeated experiments by 
the same group showed decomposition at 
lower temperatures (500 K) (10), we have 
no evidence for this from our studies. The 
decomposition reaction was reported to be 
strongly inhibited by H2 on Pt, which sup- 
ports the dissociative adsorption model as 
well as the temperature-programmed de- 
sorption studies, where NH3 gave a broad 
desorption peak in the 170-400 K range (21). 

Pignet and Schmidt (8), using the same 
NO pressure range, did not detect NO de- 
composition over Pt wires below 1000 K. 
The rate of decomposition was -~6 × 1015 
mol • s-  ~ • cm-  2 at 1500 K. In a later experi- 
ment, where the temperature and pressure 
ranges were extended, Mummey and 
Schmidt (23) reported a nitric oxide decom- 
position rate of 25 × 1014 mol • s -1 c m  - 2  at 
650 K using 133 Pa (1 Torr) NO in a batch- 
mode UHV high-pressure cell system over 
polycrystalline platinum foil. The NO de- 
composition was found pressure indepen- 
dent at low temperatures and high NO pres- 
sures. 

TPD studies showed that NO gave multi- 
ple desorption peaks corresponding to asso- 
ciatively (300 K) and dissociatively (450 K) 
adsorbed species (20, 21). At 450 K the N2 
desorption peak and N2 and N20 formation 
were found on the Pt(111) surface (21) and 
polycrystalline Pt foils, respectively (22). 
Since NO decomposition was found to oc- 
cur at remarkably higher temperatures in 
the high-pressure region, we can conclude 
that at higher coverages and lower tempera- 
tures it is strongly inhibited by chemisorbed 
NO itself. 
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FIG. 3. Temperature dependence of NO consumption 
in batch mode using 133-Pa (1 Tort) NO and 400-Pa (3 
Torr) NH3 initial partial pressures. [] 543 K; + 553 K; 
/x 563 K; (> 573 K. 

It has also been shown that NO can oxi- 
dize platinum above 773 K in UHV (20). 
Since the decomposition of NO was found 
above 1400 K at high pressures, we can con- 
clude that in that case not only the Pt, but 
also the Pt -O system, should be considered 
as catalyst. 

B. N H  3 + NO Reaction 
1. Temperature dependence and product 

distribution. In the temperature range of 
548-633 K, and partial pressures of 65-650 
Pa (0.5-5 Torr) NO reacted with NH 3 on the 
platinum foil. The temperature dependence 
of the NO consumption is shown in Fig 3. 
Below 573 K the NO consumption is slower; 
above that temperature it accelerates. 
Above 633 K the reaction becomes too fast 
for batch mode measurements. The Arrhen- 
ius plot of the reaction is presented in Fig. 
4. The two well-distinguishable portions of 
the curve, corresponding to the high-tem- 
perature faster reaction regime and the low- 
temperature slower process region, show 
AE~ = 212 kJ/mol and AE~ = 102 kJ/mol 
apparent activation energies, respectively. 
The position of the break point shows slight 
dependence on the NO partial pressure. At a 
given temperature, depending on the partial 
pressure of the NO, the rate of the reaction 
changes; this is shown in Fig. 5. The product 
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FIG. 4. Arrhenius plot of NO consumption using 480- 
Pa (3.6 Torr) NO and 400-Pa (3 Tort) NH3 initial partial 
pressures. Each point represents one separate experi- 
ment. NO consumption rates are expressed in 10 ]5 mol- 
ecules/s. 

distribution is also different in the two re- 
gions (Fig 6). At lower temperatures and/or 
high NO partial pressures, next to the slow 
N 2 formation, NEe formation was also 
monitored giving an NE/N20 ratio close to 
1. When the NO partial pressure decreased 
below a well-defined value, apparently a 
sudden change in the reaction pattern took 
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FIG. 5. Effect of the initial NO partial pressure on 
the rate of NO consumption in batch mode at 583 K. 
The initial NO partial pressures are: 480,300, 200, 133, 
100, and 66 Pa. 
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place, i.e., the rate of N 2 formation was in- 
creased, and the N20, which formed pre- 
viously in the course of  the reaction, was 
consumed. The transition from the high- 
pressure/low-temperature regime to the 
low-pressure/high-temperature region gave 
rise to oscillation (Fig. 6). In the low-pres- 

0 

O 
O 
w 

co 
O 

Z 

! 

. J  

o 

0 

G - 0 

A A A A A A 

• I- I I + "I- I 

0 . . . . . . . . . . . . . . . . . . . . . . . .  

- 1 .0  -0 .5  0.00 0.50 1.00 1.50 

Ln(p1133 Pa) 
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NO consumption rate at various temperatures: 
L n ( -  d(NO)/dt x l0 s s . m o l  -I) vs Ln(p)  plot. + 
548 K; A 563 K; O 573 K; + 583 K; • 593 K; • 603 
K; ~7 613 K; <> 623 K. 



446 KATONA, GUCZI, AND SOMORJAI 

sure/high-temperature region mostly N2 for- 
mation was detected, the NJN20 ratio was 
found to be between 10 and 15. 

Results of reaction order studies for NO 
are shown in Fig. 7 at different tempera- 
tures. At lower temperatures clear zero- 
order behavior can be seen. At 573 K, when 
NO partial pressure drops below 200 Pa (1.5 
Torr), the NO consumption rate jumps and 
a different reaction pattern emerges (refer 
to Fig. 7). At 613 K and above, the initial NO 
consumption rates show first-order kinetics 
with respect to initial NO pressures. This 
change in the reaction patterns occurs in 
a relatively narrow (50 K) temperature 
range, and the separation point between 
the two reaction paths shifts toward higher 
temperatures with higher NO partial pres- 
sures. 

Reaction order studies for NH 3 showed 
zero-order kinetics in the low-temperature 
region and half order in the high-tempera- 
ture range (Fig. 8). Its reaction order seemed 
to be connected closely to the NO pressure- 
dependent reaction patterns; i.e., the half- 
order kinetics appeared only when NO 
showed first-order behavior. 

2. Oscillation. In the temperature range 
of 573-613 K, depending on the NO partial 
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FIG. 8. Effect of NH3 initial partial pressure on the 
NO consumption rate at various temperatures: 
Ln(- d(NO)/d t = 10 s s • mo1-1) vs Ln(p) plot. 
& 548 K; • 573 K; • 613 K; • 623 K. 

pressure, two different reaction patterns 
with activation energies of 102 and 212 kJ/ 
mol, reaction orders of zero for both re- 
actants in the low-temperature region and 
first and half orders in the high-temperature 
regime for the NO and ammonia can be ob- 
tained. At a certain temperature, as the reac- 
tion proceeds, and NO is consumed, the NO 
partial pressure decreases below a certain 
value and oscillation starts. 

It should be noted that due to the geome- 
try of the high-pressure cell, the gas mixture 
that leaves the catalyst area is sampled 
via the leak of the high-pressure cell gasket; 
thus our reactor can be considered as a flow 
reactor where the whole gas stream is fed 
back. In most of the cases when the reaction 
rate is slow and conversion is low, standard 
batch reactor behavior can be assumed; 
however, in the case of oscillation, when 
sudden and considerable changes appear in 
the reactant concentrations, the apparent in- 
tensities are related only to the portion of 
the gas stream that leaves the catalyst. 

The oscillatory behavior was also studied 
in standard steady-state flow mode where 
reaction mixture was vented after having 
passed the catalyst area. (The flow rate we 
used was between 150 and 450 cm3/min. As- 
suming plug-like stream, the gas residence 
time in the catalyst volume was at least two 
orders of magnitude less than the cycle time 
of the oscillations we obtained.) 

In Fig. 9 oscillation obtained in flow mode 
is shown. It starts when the temperature is 
raised by 10 K from 593 to 603 K. Referring 
to Fig. 7, this is the temperature and pres- 
sure region, where the 10 K increase in the 
temperature shifts the reaction system from 
one regime to another. It is also seen that 
there is an induction period when smaller 
amplitude cycles appear, then the oscilla- 
tion reaches its "steady state." Once 
started it can be maintained for hours. In 
Fig. 9 the mass spectrometric intensities of 
the Ar internal standard are also plotted 
showing that the gas flow through the reac- 
tor is uniform, the observed fluctuations in 
the reactant concentrations are due only to 
the chemical reaction, and no turbulences 
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occur. In Figs. 10A and 10B oscillation is 
shown at 623 K. At higher temperature the 
cycle time is shorter. 

The changes in the NO, N2, and N20 con- 
centrations during the oscillation are shown 
on Fig. 11 using mass spectrometric intensi- 
ties in arbitrary units. Where the NO concen- 
tration peaks, the rate of the reaction is the 
lowest. Along dashed line A NO partial 
pressure is high, N2 formation is slow, and 
there is a considerably high amount of N20 
forming. (MS intensities are plotted in arbi- 
trary units and adjusted in scale for better 
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view.) Referring to Figs. 6 and 7, this point 
clearly belongs to the high-pressure reaction 
pattern (refer to Fig. 6). While NO concen- 
tration drops, N2 formation jumps along 
dashed line B, and at the same time the 
formation of N20 drops to its lowest value. 
The sudden changes are clearly seen in the 
concentrations ofN 2 and N20, while the NO 
curve is smoother. This is due to the slower 
pumping speed of our vacuum system for 
NO. Dashed line B represents the low-NO- 
pressure portion of the reaction system in 
Figs. 7 and 6. Between dashed line B and C, 
N2 formation rate slowly decreases, while 
N20 formation rate concertedly increases 
and NO concentration remains around its 
lowest value. In this regime both reaction 
paths exist but N20 production is taking 
over, as compared to N2 formation. At 
dashed line C, N 2 formation sharply drops 
to its lowest value, and NO consumption 
decreases, showing high partial pressure in 
the gas phase. N20 formation keeps its in- 
creasing trend, and at dashed line E reaches 
its highest value. At this point the cycle is 
started again. 

D I S C U S S I O N  

Let us summarize our findings of our ki- 
netic studies of the NO/NH3 reaction that 
aids the elucidation of the mechanism of the 
catalytic process. 
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(1) In the temperature range of 573-613 K 
of our study there is a break in the Arrhenius 
curve. In the low-temperature region AE # = 
102 kJ/mol, in the high-temperature regime 
AE # = 212 kJ/mol apparent activation ener- 
gies are found. The products we observe are 
N2, N20, and H20. In the low-temperature 
region the N2/N20 ratio is close to 1, and at 
high-temperature the dominant product of 
the reaction is N2. 

(2) In the pressure regime (65-650 Pa, 
0.5-5 Torr) of our study the reaction is zero 
order in NO in the temperature range of 
548-573 K, and first order in NO in the 
603-633 K range. The reaction rate is zero 
order in NH 3 partial pressure in 548-573 K 
range and half order in the 603-633 K range. 

(3) In the temperature range of 573-623 K, 
where transition from one reaction regime to 
the other occurs, the reaction rate oscillates. 
The oscillation is accompanied by periodic 
change in the product distribution. 

Our finding in the low-temperature region 
is in agreement with Otto et al.'s results 
(13). They obtained somewhat higher reac- 
tion rate at lower temperature using sup- 
ported Pt catalysts, but the NzO selectivity 
was similar to that we monitored. The zero- 
order kinetics we observe is reasonable at 
these high coverages and low temperatures. 
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FIG. 11. Oscillation at 603 K in flow mode--changes 
in product distribution. Mass spectrometric intensities 
are plotted in arbitrary units. 

The apparent activation energy related to 
the low-temperature region is also in the 
range of literature data. 

In the temperature range of 423-473 K 
using relatively high partial pressures of iso- 
tope-labeled compounds they showed that 
the nitrogen product of the reaction was iso- 
topically mixed due to the reaction of NO 
and NHx species. The N J N 2 0  ratio they 
found was 1, which is in agreement with our 
finding in the low-temperature/high-pres- 
sure regime. They also found kinetic isotope 
effect using ND3 and concluded that the 
rate-limiting step of the reaction involved 
the dissociation of the ammonia (17). This 
was interpreted by Pusateri et al. as a result 
of the high reaction rate and coverage under 
those conditions (11). Their observed N2/ 
N20 ratio using supported platinum cata- 
lysts at temperatures the same as those used 
by Otto and co-workers was close to 2 at 
lower NO partial pressures. However,  in 
the temperature range of 423-473 K and at 
pressures of 250-1000 Pa, the reaction rate 
was first order with respect to NO and half 
order with respect to NH3, in agreement 
with the results of Tsai and co-workers (18, 
19). 

In UHV the reaction was studied by 
Gland and Korchak (7). The reaction oc- 
curred in the 423-773 K range. Under UHV 
conditions no N20 formation was observed. 
The reaction showed first-order behavior in 
NO and half-order behavior in NH 3 . 

Takoudis and Schmidt (9) proposed a rate 
expression that could describe the N2/N20 
ratio changes either in the high-pressure re- 
gion or under UHV conditions. Using plati- 
num wires and a well-stirred steady-state 
differential tank reactor, the N2/N20 ratio 
was found to be in the range of 3.5-20 and 
showed dependence on the reactant partial 
pressures and temperatures in accordance 
of the proposed rate expression. 

According to Ref. (9) the NzO formation 
rate depends mostly on the relative cover- 
age of NO. At low temperatures and high 
NO partial pressures the relative population 
of HNO-S (14) species is higher; thus higher 
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N20 formation rate can be monitored, but 
the sharp change in the reaction rate (Fig. 
6) suggests a change in the mechanism as 
well, and cannot be described using simple 
Langmuir-Hinshelwood approximation. In 
the case of the oscillation steady-state treat- 
ment of the surface intermediate species 
may be in question. 

We should point out that in the high-tem- 
perature/low-pressure region the reaction 
between NH3 and N20 has to be taken into 
account as well. 

2NH 3 + 3N20 = 4N 2 + 3H20. (3) 

We found first-order kinetics in NO par- 
tial pressure above 613 K. Pusateri et al., 
using supported platinum catalyst, found 
the same NO order at somewhat lower tem- 
peratures (11). Schmidt (14), on the other 
hand, reported strong NO inhibition even at 
873 K. Their reaction rate was considerably 
higher with turnover frequencies up to 100 
S- 1 (assuming 1016/cm 2 Pt atoms on the sur- 
face of a Pt wire), while Pusateri's results 
gave TOFs between 0.03 and 0.5. Thus our 
results, with TOFs in the range of 0.1-10 
s-~ can be placed in between. It should be 
noted that the rate expression given by Ta- 
koudis and co-workers can predict oscilla- 
tion (14-16). However, the model that treats 
the oscillation gave acceptable results only 
in those cases when bulk phase mass bal- 
ance was taken into account. In our case, 
the amplitude of the oscillation was about 
10 times higher (conversion was about 15%); 
i.e., no differential behavior could be as- 
sumed, and mass transfer limitation could 
occur as well. However, the overall re- 
action rate values did not show dependence 
on the gas velocity; thus we believe that our 
system was run in the kinetic regime. De- 
tailed kinetic study of the oscillation 
including investigation of the transient be- 
havior of our reactor system is to be re- 
ported elsewhere. 

SUMMARY 

The reaction system of N H  3 and NO was 
studied over polycrystalline Pt foils in the 

temperature range of 373-633 K at atmo- 
spheric total pressure using reactant partial 
pressures in the range of 70-650 Pa. In this 
pressure and temperature range no NO or 
NH 3 decomposition reaction occur, while 
the reaction between the NH3 and NO pro- 
ceeds rapidly. The only products we ob- 
served were N2, N20, and H20. Using 
batch-mode measurements two well-distin- 
guishable reaction patterns can be identi- 
fied. The low-temperature/high-NO-partial- 
pressure regime shows zero reaction order 
with respect of both of the reactants, while 
in the high-temperature/low-NO-partial- 
pressure range first- and half-order kinetics 
with respect to NO and N H  3 a r e  found, re- 
spectively. The two reaction regimes 
are divided by a transition range where the 
reaction rate oscillates. This sustained phe- 
nomenon was strongly dependent on the 
temperature and reactant mixture and was 
reproducible on many foils. Product distri- 
bution changes can be explained on the basis 
of fluctuation between the two observed re- 
action patterns. 
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