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Reaction between Nitric Oxide and Ammonia on Polycrystalline Platinum. 1. 
Steady-State Kinetics 
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(Received: July 2, 1982; In Final Form: November 1, 1982) 

The reaction between nitric oxide and ammonia has been studied over polycrystalline platinum wires in a flow 
reactor at pressures between 0.2 and 1.0 torr, temperatures between 200 and 1200 "C, and feed compositions 
between PNo/Pm3 = 1 and 9. Partial pressures were monitored by a differentially pumped mass spectrometer. 
The only products observed below 850 "C are Nz, NzO, and HzO. The rate is proportional to P N o - 1 P N H ~ / 2  and 
to PN#NH;I2 at low and high temperature limits, respectively. Data can be fitted quantitatively (within 15% 
at all temperatures, pressures, and compositions) by a single Langmuir-Hinshelwood (LH) rate expression. 
Arrhenius plots at low and high temperatures and pressures were used to obtain heats of adsorption and reaction 
activation energies. The proposed rate expression appears to fit all steady-state rate data on this reaction on 
Pt between and lo-, torr between 400 and 1500 K. 

Introduction 
The reduction of nitric oxide by ammonia is an impor- 

tant reaction for removing NO from gas streams.'" This 
reaction also occurs in the removal of NO in the automo- 
tive catalytic converter and it is the undesired side reaction 
in HNO, synthesis.6 

The two overall chemical reactions which describe the 
reaction between NO and NH, are 

(1) 

(2) 
and both are exothermic with favorable equilibrium con- 
stants. The kinetics of this reaction system has been 
studied over supported platinum catalysts a t  atmospheric 
pressure between 150 and 200 "CIJ* and over a stepped 
platinum single crystal a t  pressures on the order of 
torr between 100 and 550 OC.l0 Both research groups that 
worked over supported platinum catalysts observed NzO 
and N2 products and fitted their kinetic data with a rate 
law derived from their proposed  mechanism.'^^ The other 
grouplo observed only Nz as a product, carried out tem- 
perature-programmed desorption and Auger electron 
spectroscopy studies, and proposed no rate law. The rate 
law proposed by Katzer et al.'v9 predicts nitrogen formation 
rates 6-8 orders of magnitude smaller than the ones ob- 
tained by Gland et al.1° under the conditions of their ex- 
periments. Furthermore, this rate expression predicted 
a constant ratio of the formation rates of Nz and NzO equal 
to 2. Pignet and Schmidt6J1 studied the reduction of nitric 
oxide by ammonia at 0.115 torr between 400 and 1400 "C 
and reported that a t  high temperatures the NO con- 
sumption rate was proportional to PN&H3 at high tem- 
peratures and found that NO inhibited the reaction as 
PN0-I at  low temperatures. 

From presently available results there is no single rate 
expression which fits rate data except over narrow ranges 
of parameters. The purpose of this paper is to examine 
the steady-state rates over a wide range of temperatures 
and feed compositions in order to determine whether a 
single rate expression will fit experimental rates and, if so, 
to infer the reaction mechanism responsible for these ki- 
netics. We shall show that a single LangmwHinshelwood 
expression fits all available data in the steady state. In 

4NH3 + 6N0 - 5Nz + 6Hz0 

2NH3 + 8NO - 5N20 + 3H20 
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the following paper we examine the spontaneous oscilla- 
tions in rate which occur for certain ranges of parameters. 

Experimental Section 
Raw were measured in a 380-cm3 stainless-steel reaction 

cell whose partial pressures were monitored with a dif- 
ferentially pumped quadrupole mass spectrometer as de- 
scribed in detail else~here. '~J~ The reactor residence time 
was 0.4 s or higher a t  a total opertlting pressure of 0.1-1 
torr with a background pressure less than 0.002 torr. 
Conversions were always less than 7% so that differential 
reactor behavior could be assumed. Reactor pressures were 
monitored with a McLeod gauge, and flow rates were 
measured by monitoring the pressure drop in chambers 
of known volume. The gases were purified as described 
elsewhere13 and premixed in these chambers. 

Most kinetic data were obtained at  a total pressure of 
0.5 torr. For pressures below -10 torr boundary layer 
effects and homogeneous reaction are negligible and mixing 
times were short compared to the reactor residence time. 
The catalyst was a resistively heated polycrystalline 
0.025-cm diameter, high-purity Pt wire, 8-15 cm long (area 

1 cm2). The catalyst temperature was measured with 
a Pt-Pt-13% Rh thermocouple spot-welded to the center 
of the wire. An optical pyrometer was used to calibrate 
temperatures. 

The only products observed below 850 "C were nitrogen, 
nitrous oxide, and water with a limit of detectability of 
0.03%. Water was not monitored systematically. At  
temperatures higher than 850 "C, hydrogen formation 
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Flgure 1. Nitrogen and nitrous oxide formation rates and nitric oxide 
consumption rate as functions of platinum temperature for a reaction 
mixture containing a large excess of nitric oxide. Solid curves are 
drawn to connect polnts and the dashed line is the one predicted from 
stoichiometry by adding the two formation rates and using the stoi- 
chiometries shown in eq 1 and 2. 

indicated NH3 decomposition except in large excesses of 
nitric oxide. The m898 spectrometer sensitivity for all gases 
was calibrated with gas mixtures of known compositions. 

A minicomputer was used for controlling the wire tem- 
perature under conditions where spontaneous rate oscil- 
lations occurred. All reported reaction rates in that tem- 
perature range and feed gas compositions are time-aver- 
aged. A detailed discussion of oscillatory phenomena is 
reported in the following paper. 

In a typical experiment the wire was first cleaned by 
heating to 1300 "C in O2 a t  0.015 torr for 10-15 min. 
Following this treatment Auger electron spectroscopy 
studied3 showed that the catalyst surface was free of any 
contamination (mainly carbon and calcium), and electron 
microscopy showed that surfaces were essentially smooth. 
Data were reproducible to within &15% on eight different 
platinum wires. 

Results 
The nitrogen and nitrous oxide formation rates and the 

nitric oxide consumption rate vs. wire temperature are 
shown in Figure 1 for a large excess of NO in the gas phase 
(PNo/<NH~ = 91, in Figure 2 for an excess of NH3 in the 
feed mixture (PNO/PNHS = l), and in Figure 3 for a feed 
mixture composition between the two stoichiometries of 
eq 1 and 2 ( P N O / P N H ~  = 2.33). In all three cases the 
maximum N 2 0  formation rate occurs a t  a lower temper- 
ature than the one at  which the maximum N2 and NO 
rates occur. After these maxima, the rates decrease with 
increasing temperature for P N O / P N H  = 2.33 and 9, while 
for the case of excess of NH3 in the feed mixture (Figure 
2), as the temperature increases beyond 900 "C, the pro- 
duction (consumption) rate of N2 (NO) levels off and then 
starts increasing again and H2 formation is observed. 
When the amount of NH3 in the feed mixture is increased, 
the N,O formation rates decrease, whereas the production 
(consumption) rates of N2 (NO) are highest a t  PNO/PNH~ 
= 2.33. Also, a higher composition of NH3 in the gas phase 
causes a shift of the maximum of the consumption (pro- 
duction) rate of NO (N2) toward lower temperatures and 
decreases the initiation temperature for reaction between 

In Figure 3 all three rates are shown to exhibit breaks 
in the temperature range of 400-470 "C which were re- 
producible a t  all times. These are associated with oscil- 

NO and NH3. 
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Figure 2. N, and N,0 formation rates and NO consumption rate as 
functions of Pt temperature for a reaction mixture containing excess 
ammonia. 
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Flgure 3. N, and N,0 formation rates and NO consumption rate as 
functions of Pt temperature for a reaction mixture between the two 
stoichiometries of eq 1 and 2. 

lations which will be discussed in the following paper. 
Such breaks were also observed for P N O / P N H 8  = 1.5 
(stoichiometric mixture for eq 1) and 4 (stoichiometric 
mixture for eq 2). Notice that the solid lines in Figures 
1-3 indicate lines connecting data for the formation rates 
of N2 and N20, while the dashed line indicates the curve 
predicted from stoichiometry in each case by adding the 
two formation rates and using the stoichiometries shown 
in eq 1 and 2. The agreement between data obtained for 
the NO consumption and the stoichiometric curve is within 
&5%. Another observation from these figures is that the 
ratio of the two formation rates depends strongly on the 
temperature Ts and on the feed composition. 

In Figure 4 the partial pressure of NH3 is kept constant 
at 0.10 torr and the nitrogen formation rate is plotted vs. 
the NO partial pressure at  three different temperatures, 
400,600, and 800 "C. At 800 "C this gives a straight line 
with a positive slope and indicates that the nitrogen pro- 
duction rate is first order in nitric oxide pressure at  this 
temperature. At 600 O C ,  a curved line is observed and at 
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Flgue 4. N" formatbn rate as a function of nitric ox&% pressure. 
The rate is first order in nitric oxide pressure at 800 "C and nearly so 
at 600 "C. 
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Figure 5. Nitrogen formation rate as a function of ammonia pressure 
at 400, 600, and 800 "C. The rate is half order in ammonia pressure. 

400 "C an almost horizontal line is obtained. These in- 
dicate that a t  lower temperatures NO inhibits the N2 
production strongly. Note that, for P N O  > 0.14 torr, the 
N2 formation rate goes through a maximum near 600 "C 
under constant partial pressures of NH3 and NO. This also 
indicates strong NO inhibition of the N2 production rate. 

In Figure 5 the NO partial pressure is kept constant at 
0.40 torr and the nitrogen production rate is plotted vs. 
the square root of the NH3 partial pressure at  wire tem- 
peratures of 400,600, and 800 "C. At 400 "C the results 
give a straight line with a positive slope and indicate that 
the nitrogen formation rate is half order in ammonia 
pressure at this temperature. At 800 and 600 "C the results 
indicate almost straight lines with positive slopes. This 
shows that a t  these temperatures there is no NH3 inhib- 
ition in the N2 production. The nitrogen formation rate 
under constant NH3 and NO partial pressures is shown 
to go through a maximum at  600 "C; this also indicates 
the strong NO inhibition in the nitrogen formation at low 
temperatures. Thus, Figures 4 and 5 show that a t  high 
temperatures 

rN3 = kPN#NH31'2 (3) 

where k depends on the temperature and partial pressures 
of NO and NH,. 

Takoudis and Schmidt 
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Figwe 6. Antmius temperature dependence of observed N, formation 
rate in excess nitric oxMe at high temperatures. 
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Figure 7. Arhenius temperature dependence of observed N, formation 
rate in excess nitric oxide at low temperatures. 

vs. 103/Ts at  catalyst temperatures higher than 800 "C, 
a t  a total pressure of 0.5 torr for two different composi- 
tions, 10% and 20% NH3, in the feed mixture. This yields 
a straight line and shows that NO inhibition is negligible 
at high temperatures in excess NO. The slope of this line 
yields an activation energy 

(4) 

Al  = 2.46 X mol/(cm2 s torr312) (5) 

h Figure 6, the quantity log [~N~/(PN$~:I~) ]  is plotted 

El = 7950 f 800 cal/mol 

The intercept gives a preexponential factor 

Hence, we conclude that the nitrogen formation rate rN2 
at high temperatures and an excess of NO in the gas phase 
is described by 
rN2 (mol/(cm2 s)) = 

Note that, at high compositions of NH, in the gas phase 
and high temperatures (2's > 900 "C), the ammonia de- 
composition reaction becomes important and the nitrogen 
formation rate increases more than that expected from eq 
1. 

It should be noted that rates are generally expected to 
decrease with increasing temperature as long as coverages 
are low and heats of adsorption are large compared to the 
reaction activation energy. For our model the LH mech- 
anism predicts r = kRKN&NHt/2PN#NH31J2 at high tem- 
peratures. Therefore, the overall activation energy at high 
temperature should be E R  - AHNO - f 2AHNH3,  which is 
negative for this system. 

2.46 x eXp[(7950 f ~ O O ) / R T ] P N # N H ~ ~ "  (6) 
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In Figure 7, the quantity log ( r N ~ N O / P N H , ' / 2 )  is plotted 
vs. le/ Ts at  low temperatures, Ts = 3W380 "C, at a total 
pressure of 0.5 torr and for the same compositions as in 
Figure 6. The data yield a straight line and indicate that 
the nitrogen formation rate is minus first order in nitric 
oxide pressure at  low temperatures with 

E2 = -23850 f 2000 cal/mol (7) 

A2 = 98.4 mol t o d 2 / ( c m 2  8) (8) 

Thus, from Figures 6 and 7 we conclude that N2 production 
should be described by the expression 

rNz = Ai eXP(E1/RT)PN~NH,'I2/[1 
ANO eXP(ENO/RT)PNO12 (9) 

where E N 0  is the heat of adsorption of NO on the catalyst 
surface. Equations 4, 7, and 9 yield 

E N 0  = (E, - E2)/2 = 15900 cal/mol (10) 

while eq 5, 8, and 9 yield 

AN0 = 5 X torr-' (11) 

We noted from Figure 5 that no strong NH3 inhibition 
was observed in N2 formation. To study whether another 
term should be included in the denominator of eq 9, we 
used a nonlinear least-squares fitting technique" and 
found that data were best fitted by adding a term 

(Y K$NH31/2 (12) 

where K3 = A, exp(E,/RT), and A, is in torr-'/2. An Ar- 
rhenius plot of K3 vs. 103/Ts yielded 

E, = 5960 cal/mol (13) 

A, = 0.0145 torr-'/2 (14) 

Thus, from eq 9-14 we obtain the rate expression 

rN2 (mol/(cm2 s)) = (2.46 X lo-') X 

exp(7950/RT)PN~NH,"2/[1 + (5 x io-5) x 
eXp(15900/RT)P~o + 0.0145 eXp(596o/RT)P~~, ' /~]~  

(15) 

Equation 15 fitted all our data obtained at  a total pressure 
of 0.5 torr, temperatures between 200 and 1200 "C, and 
feed compositions between P N O / P N H 8  = 1 and 9, with 
f15%. If a term of the form 

cy' I K'$NH3'/4pN0'/2 (12a) 

is used instead of the one shown in eq 12, as proposed by 
Gland and Korchak,'O the nitrogen formation rate ex- 
pression fits all our data within *25%. Note that eq 15 
predicts maximum reaction probability (rate of nitrogen 
formation/collision rate of limiting reactant) in the range 
0.024.04 for temperatures between 500 and 600 "C. 

Equation 15 was derived by analyzing data at 0.5 torr. 
In Figure 8, N2 production rates are plotted vs. the catalyst 
temperature for three different pressures, 0.2,0.5, and 1.0 
torr. The solid lines represent predicted N2 formation rates 
from eq 15. It is seen that the agreement between our data 
and predicted values is within f15%, for a feed compo- 
sition P N O / P N H S  = 4 except a t  high temperatures. In 
Figure 9 we present our data and predicted values from 
eq 15 (solid lines) a t  a total pressure of 0.5 torr and lo%, 
30%, and 50% NH3 in the feed mixture, in a plot of N2 
formation rates vs. catalyst temperature. The agreement 
between our results and predictions is again within *15%. 

The Journal of Physical Chemistry, Vol. 87, No. 6, 1983 961 

0 
T, ("C 1 

Flgure 8. Nitrogen formation rate as a function of platinum temperature 
at 0.2, 0.5, and 1.0 torr for a stoichiometric mixture of NH, and NO 
for eq 4.2. Solid lines are fits from the eq 15. 

PT = 0.5 Torr "1 
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Figure 9. N, formation rate as a function of Pt temperature at lo%, 
30%, and 50% NH:, in the feed mixture. Solid lines are the fits from 
eq 15. 

Another question remaining is which other reactions are 
significant under our conditions. These could be 

2NH3 - 3H2 + N2 (16) 
2N0 - N2 + 0 2  (17) 

N2O - N2 + ' / 2 0 2  (18) 
4NH3 + 6N20 - 8N2 + 6H20 (19) 

In Figure 10 the rates of decomposition of NH3,14 N0,15 
and N2012 are shown vs. the wire temperature on the same 
plot with the NO consumption rate during the reduction 
of NO by NH3 at a total pressure of 0.5 torr and 20% NH, 
in the feed mixture. Rates for the unimolecular reactions 
of NO and NH, are for the same pressures as the partial 
pressures of these reactants in the bimolecular reaction. 
At  temperatures less than 800 "C all three decomposition 
rates are a t  least 1 order of magnitude lower than the 
reaction between NO and NH,. Separate studies of the 
reaction between N20 and NH3 at 0.5 torr and 17.5% and 
38.5% NH3 in the feed mixture were also carried 0 ~ t . l ~  

(14) Loffler, D.; Schmidt, L. D. J. Catal. 1976, 41, 440. 
(15) Mummey, M. J.; Schmidt, L. D. Surf. Sci.  1981, 109, 29. 
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NH3 + 2s 2 NHZ-S + H-S (20) 
NO + S 2 NO-S (21) 

NO-S + NHZ-S -+ H20 + Nz + 2s (22) 

NO-S + NH2-S - - - NzO + 2H-S (22a) 
H-S + NO-S - HNO-S + S (23) 
2HNO-S - N2O + HzO + 2s (24) 

2HNO-S + 2H-S - - - Nz + 2Hz0 + 4 s  (24a) 
where solid arrows in steps 22 and 24 represent major 
reaction paths, dashed arrows represent minor reaction 
paths, and S stands for an empty site on the catalyst 
surface. Katzer et al.' carried out experiments on sup- 
ported Pt catalysts and reported results consistent with 
the reaction network proposed by Otto et a1.8 Katzer et 
al. also proposed a rate expression for the Nz formation 
which had the form 

rNz = KRpN#NH31/2/[1 + KN#NO + KNH31/2PNH31/212 
( 1 5 4  

with negative activation energies for all K's. They also 
reported rNz/rNzo = 2 under all conditions. Although the 
general form of eq 15a is similar to eq 15, eq 15a predicted 
nitrogen formation rates 6-8 orders of magnitude smaller 
than the ones obtained by Gland et al.1° at much lower 
pressures. The reason for the negative heat of adsorption 
for NO used by Katzer et al. is also not clear. In all our 
experiments the ratio rN2/rNzo depended on the tempera- 
ture, the gas-phase composition, and the total reactor 
pressure so that a mechanism involving steps 20-24 does 
not explain our data. However, the N2 formation rate 
expression shown in eq 15 fits our data to within *15%, 
it predicts the N2 formation rates measured in ref 1, and 
it yields rates comparable to those reported in ref 10 at 
total reactor pressures between and torr. It also 
predicts a reasonable heat of adsorption for NO, E N 0  = 
15900 cal/mol. 

Gland and Korchak,lo using a clean stepped platinum 
single crystal at pressures on the order of lo-* torr, instead 
of eq 24 proposed the steps 

HNO-S + H-S -w N-S + H2O + S (25) 
2N-S -+ N2 + 2s (26) 

since no N20 formation was observed under their condi- 
tions. They proposed the Nz formation rate expression of 
the form 
TN2 = K1PN#NH31/2/ [ 1 + KN#No + K'~PNH, ' '*PNO~~~]  

(27) 

but they did not show fits of their rate expression to data. 
This mechanism does not fit our data over our ranges of 
variables because it cannot predict N20 formation although 
a rate expression of the form shown in eq 27 f i t  our data 
within 125%.  

We propose a more detailed mechanism 
ka 

NH3 + 2s NH2-S + H-S 

k' 
NO + s 5 NO-s 

NH2-S + NO-S 2 N2 + H20 + 2s 
H-S + NO-S A HNO-S + S 

2HNO-S --% N20 + H20 + 2s 

t /  1 
'O1i0 460 sbo 860 Id00 12b0 

Ts ("C) 
Figure 10. NO consumption rate and NH,, NO, and N,O decomposition 
rates as functions of Pt temperature using data from ref 14, 15, 12, 
and 13, respectively. 

Below 750 "C and N20 consumption rate was at least 1 
order of magnitude slower than the reaction between NO 
and NH3. This confirms that Nz and N20 are produced 
via two parallel reactions as shown in eq 1 and 2 and not 
via a series of two reactions. Figure 10 and data on the 
reaction between NzO and NH3 confirm that the stoi- 
chiometric curves shown in Figures 1-3 should be close to 
the data that we obtained for NO consumption rates. 

Discussion 
We have studied the reaction kinetics of the reduction 

of NO by NH3 at  pressures between 0.2 and 1.0 torr, tem- 
peratures between 200 and 1200 "C, and feed compositions 
between P N O / P N H 3  = 1 and 9 and have found that eq 15 
predicts Nz formation quantitatively. This equation in- 
dicates that the reaction is first order with respect to nitric 
oxide pressure and half order with respect to ammonia 
pressure if denominator terms are small. These results 
imply that dissociated ammonia and molecularly adsorbed 
nitric oxide are participating in the rate-limiting reaction 
for Nz formation. The fact that dissociated ammonia 
participates in the rate-limiting step implies that adsorp- 
tion and dissociation of the ammonia are occurring prior 
to the rate-limiting reaction. The rate equation 15 indi- 
cates that the nitric oxide inhibition pressure dependence 
is first order and the ammonia inhibition pressure de- 
pendence is probably of one-half order. In the range of 
temperatures and gas-phase concentrations studied, the 
third term in the denominator of eq 15 never became 
dominant so that ammonia inhibition was not important 
under any conditions of these experiments. Whenever a 
large excess of NH3 was used, the reaction rate between 
NO and NH3 was comparable to the NH3 decomposition 
ratel4 a t  pressures between 0.1 and 1.0 torr and tempera- 
tures between 400 and 1200 "C, so that reaction kinetic 
data could not be analyzed accurately. Otto et al.s used 
15N and suggested that the catalytic reduction of NO by 
NH3 involves the following steps: 
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and 29b are similar to eq 1 and 2 of ref 1 and 9. 
Under the conditions of our experiments, pressures on 

the order of 0.5 torr and temperatures between 200 and 
1200 "c, we observed two products and that rNz/rN20 in- 
creases with increasing Pm3 at constant total pressure and 
catalyst temperature (Figures 1-3). If PNo = Pt - PNH3 and 
Pt is the total reactor pressure, eq 29 implies 

~ ( ~ N ~ / ~ N ~ o ) / * N H ~  > 0 (32) 

Equations 29 and 32 combined with the observation of 
both N2 and N20 as products indicate that the term 
d'N0/pm,'I2 is of the order of 1 at temperatures between 
500 and 700 "C. At lower temperatures this term is large 
and eq 28 reduces to eq 28b, which is similar to eq 15. At 
higher than 700 "C temperatures this term is small and 
eq 28 and 29 reduce to eq 28a, which is similar to eq 15, 
and to eq 29a, respectively, so that N2 would be mainly 
formed (Figures 1-3). At  higher temperatures this term 
should become small so that only N2 would be formed (eq 
28a and 29a). 

Equation 15 is obtained by assuming that the predom- 
inant surface species are nitric oxide and nitrogen, as ob- 
servedio by thermal desorption studies at lo4 torr. Thus, 
the second term in the denominator of eq 15 corresponds 
to the surface coverage of NO and the third term corre- 
sponds to the nitrogen surface coverage. Hence, K3 does 
not necessarily have to be equal to KNH3'I2 because it in- 
volves more than one rate constant. 

Summary 
The reaction between nitric oxide and ammonia at  

pressures on the order of 0.5 torr proceeds rapidly in the 
400-800 "C range, and the only products observed are 
molecular nitrogen and nitrous oxide. The rate-limiting 
reaction for the N2 formation is postulated to occur be- 
tween an adsorbed fragment of NH3 and adsorbed mo- 
lecular nitric oxide, although detailed spectroscopic 
characterization would be needed to confirm this inter- 
pretation. 

All steady-state rate measurements in the NO + NH3 
reaction on Pt between lo4 and lo3 torriJO obtained in our 
and other experiments can be explained by a single and 
reasonable Langmuir-Hinshelwood reaction scheme. The 
elementary reaction steps and intermediates also seem to 
be reasonable. The only unpredictable feature of our ex- 
perimental data is the existence of breaks in the con- 
sumption (formation) rates of NO (N2 and N20) vs. the 
catalyst temperature at high coverages where rate oscil- 
lations occur, as will be described in the following paper. 
Such breaks also indicate that the adsorption-desorption 
equilibrium assumption in some steps of the model is in- 
valid in some situations.13J6 At very low pressure no N20 
formation was observed; in our studies (0.2-1.0 torr) the 
ratio rN2/rNZ0 was typically between 3.5 and 20.0 in the 
temperature range 280-600 "C, and at atmospheric pres- 
sures rNz/rN20 was equal to 2 as predicted by eq 29, 29a, 
and 29b. 
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HNO-S + H-S -!% N-S + H20 + S 

2N-S -k N2 + 2s 
which is a combination of the two mechanisms discussed 
previously. No configurations should be inferred from 
postulated species. If K N H ~  k, /kd,  KNO E k',/k'd, ad- 
sorption-desorption equilibrium is assumed for NO and 
NH3, and pseudosteady state is assumed for the adsorbed 
species HNO-S and N-S, then the formation rates of N2 
and N20  are given by 
rN2 = K N ~ P N & N H ~ ~ / ~ P N H ~ ~ / ~  X { kr + - :[ ( l+€- pNO )'Iz - 1] 'NH:"}/ 

PNH,"~ PNO 

\ 
112 2 

..:I2[ (1 + E-)"' PNH31/2 - 1 ] } (28) 

rNz / rN20  = I2/[(1 + & o / ~ N H , ' / ~ ) ' / ~  - l]){(kr/k4)[(1 + 
~ ' N O / P N H , ' / ~ ) ~ / ~  + 11 + 1) (29) 

where 
8k4kB KNO 

€I-- 
kG2 KNH3'l2 

Although eq 28 and 29 are complicated, they predict results 
reported in ref 1, 9, and 10 and in this paper. 

Under ultrahigh vacuum where P N O  and P m  are on the 
order of 10-8 torr,9 pN0/PNH,'I2 is on the order of 10-4. 
Therefore, &O/pNH," is small and 

Equation 28a is eq 24 of ref 10 and, since pN0/pNH, ' I2  is 
on the order of lo4, one practically predicts only N2 as a 
product, as has been observed at  low pressures. 

At  atmospheric pressures and low temperatures P N O /  
Pm,'/2 is on the order of 1 but e may become large so that 

(1 + & " o / P N H , ~ / ~ ) ~ / ~  - 1 (~ 'NO/PNH,~/~) ' /~  (31) 

Then eq 28 and 29 become 

r~~ = ~ ~ N ~ N ~ ( N H , ' / ~ ~ N H , ' / ~ / ( ~  + K N ~ P N O  + 
(k4/k~) ' /2(K~o'12K~~31~4/e1/4)P~01/4(P~~3'J2)3~4~2 (28b) 

~ N ~ / ~ N ~ o  = 2kr/k4 (29b) 

where rNz/rN2? is predicted to be independent of partial 
pressures. This has been reported in ref 1. Equations 28b 

(16) Takoudis, C. G.; Schmidt, L. D.; Aria, R. Chem. Eng. Sci. 1981, 
36, 377. 


