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ABSTRACT 

The rate constants for the reaction OH + NH- ->• NH„ + H„0 have been 
i 2 2. 

measured over the temperature range 294 - 1075 K. The data can be fit by the 
3 -1 -1 -12 

Arrhenius expression k(cm molecule s ) = 5.41 ± 0.86 x 10 
exp(-2120 ± 143 kcal mol~-''/RT). 

A chemical model of the NO chemistry has been developed which includes 

54 reactions. Although not yet complete, the reaction set clearly indicates 

the key reaction is NH + NO. The determination of the product channels and 

their branching ratios is of utmost importance in understanding the effect of 

NH„ addition to combustor exhaust streams for removal of NO 
3 X 
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1 . INTRODUCTION 

The production and removal of NO and other combustion products during 

fossil fuel combustion is a serious environmental problem for both stationary 

and mobile combustion driven energy systems. Since stationary systems are 

faced with increased utilization of coal, synthetic fuel oils derived from 

coal, or oil shale, and since all of these fuels have significant levels of 

fuel-bound nitrogen, NO formation may become acute. 

Recent studies of the production of NO due to oxidation of fuel nitrogen 

strongly indicate that a critical role is played by the interaction of 

NH (x = 1,2,3) species with NO, 0, OH and H. Studies have also shown that 

these reactions play a vital role in the efficient homogeneous removal of 

NO from combustion exhaust streams upon the addition of NH^. 
X 3 

The work in progress has three basic objectives. The first objective 

is to determine rate constants for several of the basic chemical reactions 

which govern the formation of NO in the combustion of fuel-bound nitrogen 

and which also play a key role in the thermal deNO process. The specific 

reactions to be studied include the reactions of NH , NH , and NH with NO 

(Task 1), and the reactions of NH , NH , and NH with the combustion radicals 

0, OH, and H (Task 2). This report includes values of the reaction 

rates for OH + NH over the temperature range of 294 - 1075 K. 

The second objective is to utilize the kinetic data obtained in Task 1 

and Task 2 to identify the key NO radical scavenging species. Once the key 

NH radical(s) has been identified, gas additives other than NH„ which can 
X 3 

efficiently produce this NO scavenger will be evaluated under combustor 

exhaust flow conditions. This work may allow a major improvement in the 

efficiency of the homogeneous NO scavenger concept (Task 3). 
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The third objective is to evaluate the impact of the kinetic and 

mechanistic data gathered in Tasks, 1,2, and 3 on the design of coal and 

synfuel combustors and on the implementation of homogeneous NO exhaust 

scavenging schemes. This will be accomplished by modeling the processes 

in the combustion stream (Task 4). This modeling will utilize existing 

computer codes, including Aerodyne's PACKAGE code. This modeling will 

allow assessment of the impact of the measured chemical parameters on 

exhaust NO content. The results of this computer modeling will be trans

lated into conceptual designs for pilot scale experiments which demonstrate 

achievable impacts on exhaust NO content (Task 5). A set of rate equations 
X 

has been selected and preliminary runs have been made which indicate the key 

reactions important to understanding the features of the thermal deNO process. 
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2 . TECHNICAL SUMMARY PROGRESS REPORT 

A summary of progress achieved during the last quarter is presented below. 

A time-phasing schedule for each key subtask is shown in Fig. 2.1. 

Task 1: Measurement of NH + NO Rate Constants 

X — 

The rate measurements for the reactions of NH. + NO •> products and 

NH- + NO ̂  NH„ + HNO over the temperature range of 294 - 1200 K have been 
(12) 

completed and discussed in our previous Quarterly Reports. ' The NH„ + NO 

rate decreases substantially as the temperature is raised. Reaction of NO 

with NH„ is extremely slow and probably plays no role in the NO system 

kinetics. The hydroxyl radical has been identified as a reaction product in 

at least 20% of the product channels. Attempts at producing a nonchemilu-

minescing NH source have been unsuccessful but a few methods still hold 
(2) 

promise and have been discussed. 
Task 2: Rate Data for NH Oxidation 

X 
Final rates for the reaction of NH„ + OH ̂  NH„ + H„0 have been measured 

3 2 2 

over the temperature range of 294 - 1075 K. The values at lower temperatures 

are consistent with previous measurements and the temperature dependence can 

be represented by the Arrhenius expression k = exp(-E /RT). The reaction 
a 

rates for 0 and H with NH are presently under investigation. 

Task 3: Assessment of Rate Data To Determine Key NO Scavenger Species 

We are continuing the assessment of the published experimental reaction 

rates and kinetic models relevant to the homogeneous chemistry of NO in 

combustor exhaust streams. The impact of our experimental results on proposed 

models is detailed in the technical discussion. 
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Figure 2.1 - Contract Subtask Schedule 



Task 4: Chemical Model for NO Chemistry 

A chemical reaction set containing 54 reactions has been assembled. 

Initial computer modeling runs indicate that the key reaction is NH + 

NO -> products, and that the identification of the products and ratios 

among possible reaction channels is critical in obtaining the observed 

sharp temperature dependence of the thermal deNO process. 
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3. mjm RATE MEASUREMENTS 
A 

3.1 Task Goals and Milestones 

The goals of this task are to: (1) demonstrate the efficient production 

of NH and NH„ in the flow reactor using discharge flow techniques; (2) demon

strate the efficient detection of NH and NH„ in the flow reactor using laser-

induced resonance fluorescence; (3) equip the flow reactor with calibrated 

gas handling equipment to introduce NO, NH and carrier gases; (4) demonstrate 

the use of the molecular beam mass spectrometer coupled to the flow reactor 

to detect NO, NH , and other flow gases; and (5) utilize each of the subsystems 

to measure the rate of reaction of NO with NH, NH , and NH from room temperature 

to combustion temperatures. 

The first three goals previously had been completed. Substantial progress 

was made on the fifth and most important item, the rate measurements. The mass 

spectrometer is presently being used to determine the products of the NH„ + 

NO reaction. 

3.2 Technical Discussion 

3.2.1 Modification of NH + NO Reaction Rate 

(1 2) In previous quarterlies, ' the work detailing the rate measurements 

(294 - 1200 K) for NH + NO ̂  Products was described. In short, the rate could 
3 - 1 - 1 

be described using a modified Arrhenius expression k(cm molecule s ) = 
-4 -2 46 -938/T 1.95 X 10 T * e . This form was used because it is used in our 

computer program and is generally representative of the temperature dependence 

of most reaction rates. However, our experiments imply a rate that falls very 

sharply above 1000 K, and this best fit value does not decrease as rapidly as 

the extrapolated dependence would indicate. This was realized from the modeling 

work when trying to obtain the high temperature behavior of the thermal deNO 

process. Since within any run the temperature is essentially constant 

(AT < 25 ), we have used the experimentally extrapolated rates for temperatures 

6 



above 1200 K. The result is that at 1500 K the rate is '̂ '40% slower than the 

value the non-linear least square fit would give, and is probably a more 

accurate representation of the true rate. This change affects the modeling 

somewhat, but not drastically. 

3.2.2 Product Determination of the NH + NO Reaction 

(2) 
In the last quarterly, the fraction of products appearing as OH was 

determined to be at least 0.2. It has become evident (see Section 5) that 

the determination of the identities and abundance of the products from the 

reaction NH + NO is critical in being able to model the thermal deNO process. 

The possible list of products include 0,H,OH,N 0,H 0,N H,HNNO,N 0, and HNO 

Some of these can be seen spectroscopically and others using the mass spec

trometer. By using both methods, we hope to sort out the various product 

channels and the importance of each. Suggested pathways are: 

NH^ + NO -> N„ + H-O AH° _ = -124.9 kcal mol""̂  (1) 

N^ + H + OH -5.7 (2) 

N2H + OH > -1^^^ (3) 

HNNO + H > -1^-^^ (4) 

HNO + NH +40.9 (5) 

N^O + H^ -47.5 (6) 

2 2 
N„H + 0 ^80*^-^^ (7) 

Since most of these require some sort of molecular rearrangement, a barrier 

along the reaction path probably exists. The only simple reaction, the H atom 

abstraction in reaction (5) is already very endothermic. As a result, no 

clear a priori choice can be made in deciding the dominant channel(s). 
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Using an H atom resonance lamp and a solar blind photomultiplier, 

evidence of H atoms, which would imply the importance of reactions (2) and 

(4), can be obtained. The molecular beam sampling mass spectrometer is now 

operating and mass spectra will be taken to identify products. 

3.3 Work Forecast 

As described above, the most important item in this task is the product 

identification from the reaction NH + NO. The mass spectrometer measurements 

are presently being made and the H atom determination will be done within the 

next month. 
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4 . NHx OXIDATION MEASUREMENTS 

4.1 Task Goal and Milestones 

The goals of this task are to measure the rate constants for the reactions 

of NH, NH„, and NH„ with oxidizing flame radicals from room temperature to 

combustion temperatures. Using the mass spectrometer, the amount of branching 

to various product channels will also be measured. 

The key oxidation reaction, NH + OH -> NH + H O , has been completed 

and is discussed below. The reactions of 0 and H with NH- and NH„ will be 

investigated next. We have chosen the reactions in order of probable 

importance to the overall NO chemistry as determined from the modeling work 
(4) ^ of ourselves and others. 

4.2 Technical Discussion 

4.2.1 Rate Measurements for the NH„ + OH Reaction 

The reaction of NH + OH -> NH + H„0 appears to be the key initiation 

step in the NO chemistry. It is a simple hydrogen atom abstraction and 
1 

has H„QQ = -10.7 +1.5 kcal mol . The experimental configuration has been 
(2 5) 

described elsewhere ' and only the results will be discussed here. Using 

resonance fluorescence detection of OH the rate coefficient has been measured 

over the range of 294-1075 K. The temperature dependence is well described 
3 -1 -1 -12 

by the Arrhenius expression k(cm molecule s ) = 5.41 +0.86 x 10 

exp(-2120 +143 kcal mol" /RT). The results are illustrated in Fig. 4.1. 

Also shown are the results of Perry, Atkinson, and Pitts, and Smith and 

Zellner. The room temperature results agree very well. Our high temperature points are of slightly larger values than the low temperature 

experiments would imply, except that it is likely that log k vs — is not 

linear, but slightly curved upwards, as evidenced by a thorough examination 

9 
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(8) 
of a series of hydrogen atom abstractions of substituted alkanes, and as 
would be expected from transition state theory. 

4.2.2 Rate Measurements for the 0, H + NH„ Reactions 

The reaction of OH with ammonia Initiates the NÔ ^ removal chemistry 

because it is initially present in larger quantities than H or 0. As the 

chemistry progresses, however, H or 0 atoms may become as important as 

OH, depending on the temperature. The 0 + NH- rates have been measured 
(9) 3 

between room temperature and 900 K. Our planned experiments would extend 

these values to 1500 K. Of more importance is the reaction of H + NH„. The 

rate is not at all well characterized and the various calculations and 

measurements differ by as many as three orders of magnitude over the entire 

temperature range. ' A hydrogen atom resonance lamp has been set up and 

will be used to measure the reaction of H + NH-. A solar blind photo-

multiplier will collect the fluorescence and a 2 cm pathlength of 0„ at 

1 atm will be used to absorb all UV radiation other than the Lyman-a lines. 

With no background problems, this photon counting technique should be able 

to measure the disappearance of H atoms, even with the relatively low rates 

expected. 

4.3 Work Forecast 

During the next quarter, the reaction rates of 0 and H with NH will be 

measured over the temperature range 294-1200 K. If possible, the rate of 

NH- + 0 and NH- + H will also be measured. 
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5. CHEMICAL MODEL FOR NO CHEMISTRY 

5.1 Task Goals and Milestones 

The goals of this task are to: (1) use the Aerodyne PACKAGE code to 

obtain a chemical model for the NO chemistry in coal combustor exhaust 

streams, and (2) to assess the impact of our measured kinetic data on models 

for NO production and scavenging. 

During this quarter, a chemical reaction set containing the reactions 

which may have an influence on NO chemistry at combustor exhaust temperatures 

has been assembled. Using a simplified set of initial conditions, it is 

demonstrated that the reaction of NH2 + NO -^products is crucial in deter

mining the production and removal of NO. 

5.2 Technical Discussion 

Chemical Model for NO Chemistry 

During this past quarter, modeling the chemistry of NO in combustion 

exhaust streams was initiated. The first goal is to devise a reasonable set 

of reaction steps which can reproduce the effects obtained experimentally. 

These are, in order of importance, 

1) temperature dependence of NO removal upon addition of NH3, 

2) shift of this dependence toward lower temperatures upon 
addition of H2, 

3) initiation delay, and 

4) self-inhibition effect. 

We have chosen a set of initial conditions similar to those of Branch, 
(4) et al. which also are similar to a number of the experiments. The starting 

species are those produced by burning an O2/CH4 mixture in excess argon at the 

desired temperature with an equivalence ratio of 0.93. 
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Once the model works for this simplified condition, the initial species 

will be those derived from the burning of coal under actual combustor 

conditions. 

The initial reaction set assumes that certain species are not present at 

high temperatures. These include H-0 , 0„, NO , HCN, and N-0, the last two 
(12) 

having been observed at levels below 1 and 50 ppm, respectively. 

The reactions of CO and C0„ present in the starting mixture do not 

appear to affect the chemistry and were not kept in the reaction set. These 

included: 

CO2 + H -> CO + H2O (8) 

CO + OH -> CO2 + H , (9) 

CO2 + HO2 -̂  CO2 + OH (10) 

Presently, there are three groups of reactions in the model 

(1) H - 0 Reactions: These include the interactions among H, OH, 
X y 
H„0, and H0-, including three body recombinations. 

(2) NH Oxidation Reactions: Included in this group are the reactions 

of N, NH, NH2, and NH with H, OH, 0, and 0 . As there are multiple 

product channels for some of these reactions, we have used all 

except those which are very endothermic, and thus, unlikely to 

contribute to the chemistry. 

(3) Reactions of NO and HNO: These reactions provide for the removal 

of NO and HNO. Included are the reactions of HNO and NO with 

NH , 0, OH, and H where appropriate. 

Rate values are obtained from a variety of sources, but generally come 

from critical reviews of rate data by Jensen and Jones, Westley, 

Levy, and NASA. Experimental values are always preferred over 

13 



theoretical estimates. Since the PACKAGE program incorporates the JANAF 

Thermochemical Tables, the reverse rates for all reactions are calculated 

from equilibrium constants and are also included in the modeling. As our 

experimental values for the key reactions become available, they are 

Incorporated into the model. The JANAF tables are currently updated. We 

have used a value of 84.2 kcal mol for the heat of formation of NH. 

Piper has reevaluated the data used to determine the current JANAF 

value of 90 kcal mol and has shown that there were a series of errors in 

the analysis. Our adoption of this lower value does affect some of the 

concentrations of minor species but not the main features of the process. 

A major problem in obtaining the best model is choosing a rate constant 

where no experimental data exists. Theoretical calculations may differ over 

orders of magnitude. When this occurs we have chosen what seems to be a 

reasonable value which works well within the framework of the model. 

Variation of rates also indicates for which reactions the model is sensitive, 

and direct measurement of these rates is a key part of the program. 

The low temperature behavior (<1100 K) is dominated by the initiation 

reaction 

OH + NH^ -> NH2 + H2O . (11) 

Below 1100 K, its rate is too low to start any chain reaction and nothing occurs. 

Above 1100 K, the subsequent reaction of NH„ to form OH and H radicals 

propagates the chain mechanism which eventually removes NO. The OH and H 

generated attack the remaining NH„ rapidly, converting it all to NH„. Although 

the details of the product branching for the reaction of NH- + NO are still 

under investigation (see Sections 3 and 4), this reaction is clearly the key 

step in the mechanism. 

The sensitivity of NO removal to variation in the product channel 

branching is demonstrated in the following way. The channel which leads 

directly to the most probable end product of the overall mechanism is: 

14 



NH2 + NO ̂  N2 + H2O . (12) 

Opposed to this would be the channel which generates the most free 

radials to rapidly propagate any chain mechanism, namely 

NH2 + NO -> N2 + H + OH . (13) 

This last reaction can also be derived as a sum of intermediate 

steps from other channels involving N„H, HNNO, and HNO. If f is defined as 

the fraction of NH- + NO reactions leading to product of (13), with the 

remainder going to (12), the results are shown in Fig. 5.1 for some values 

of f. 

Nitric oxides removal is extremely sensitive to the branching into radical 

channels. As expected, no removal occurs at lower temperatures and the onset 

for removal is rapid above some threshold temperature which depends on f. 

The dramatic variability in the temperature dependence of NO removal with 

only a 10% variation in f illustrates the importance in identifying the 

products experimentally. 

As seen in Fig. 5.1, the high temperature behavior is not correctly 

shown. In reality the curves should approach 1 at 1500 K. We are presently 

incorporating better values for the reactions of 0 and H with HNO which 

produce the proper high temperature behavior. 

5.3 Work Forecast 

During the next quarter, the chemical model describing the homogeneous 

chemistry of NO in combustor exhaust streams should be completed. We will 

also evaluate the effect of precursors other than NH- which may be of 

significance in obtaining an effective, economical method of removing NO 

from the exhaust flow. 
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F. Kaufman, U. of Pittsburgh (private communication). 

E.A. Albers, K. Hoyermann, H. Gg. Wagner, and J. Wolfrum, 
12th Combustion Symposium, 313 (1969). 

D.L. Baulch, D.D. Drysdale, D.G. Horme, and A.C Lloyd, Evaluated 
Kinetic Data for High Temperature Reactions, 12, (Butterworth, London) 
(1973). 

J.E. Dove and W.S. Nip. Can. J. Chem. 52, 1171 (1974). 

L.J. Muzio, J.K. Arand, EPRL Report No. FP-253, KVB, Inc., (1976). 

D.E. Jensen and G.A. Jones, Comb, and Flame 32, 1 (1978). 

F. Westley, NBSIR 79-1941 (1979). 

J.M. Levy, J.P. Longwell, A.F. Sarofim, T.L. Corley, M. Heap, and 
T.J. Tyson, Proc. of the Third Stationary Source Combustion 
Symposium, Vol. IV, EPA-600/7-79-050d, pp. 3 (1979). 

17 



References (Cont.) 

16. NASA Panel for Data Evaluation, Chemical Kinetic and Photochemical 
Data for Use in Stratospheric Modelling, JPL Publication 79-27 (1979). 

17. L.G. Piper, J. Chem. Phys. 70, 3417 (1979). 

18 


