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Laser-Initiated NO Reduction by NH3: Total Rate Constant and Product Branching Ratio
Measurements for the NH + NO Reaction
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The total rate constant for the NH NO reaction has been measured in the temperature rangel83% K

using a laser photolysis mass spectrometric technique by probing the rate® ébrrhation and NO decay.

A weighted least-squares analysis of our data gives the following total rate constant expri&ssi@29 x
107057 exp(3001) cm¥/(mol s). The branching ratios for the two product channels of the MHNO
reaction, NH + OH (o) and N, + H;O (5), have also been measured in the temperature rangelZiD K

by detecting CQ@(formed by the reaction of OH as the added CO) and NQxfand HO for 5. The value

of a was found to increase gradually from 0.1 at 300 K to 0.28 at 1000 K, with a concomitant decrease in
pB from 0.9 at 300 K to 0.72 at 1000 K. At temperatures between 1000 and 1208Qdidly increases to

0.47 according to the result of our modeling of observed NO decay rates. The drastic upturn in the value of
a above 1000 K confirms the results of our recent study of the MHNO reaction by FTIR spectrometry

as well as the conclusion reached by modeling of;NNO flame speeds that > 0.5 above 1500 K. The
absolute rate constants of the two branching reactions are recommended for future applications over the

temperature range 362000 K.

Introduction

The NH, + NO reaction is a key NO removal step in the Gas Inlet Diffusion Pump
thermal reduction of N@by NHz'~* and by HNCO> 10 The Movable
reaction is known to occur by both the radical and molecular _ o _lrujTherm°°°”p'e
product routedi~20 Excimer, —|

NH, + NO— N,H + OH 1) w@_ﬁ\—:—{—':rr‘z_:,ﬁl ?

‘&.
Péea?ﬁé‘ée = = :‘ Mechanical
— N, + H,0 (2) : 2 s o
whose branching ratios strongly affect the efficiencies of these Dye iaser § §
reducing agents (i.e., Nthnd HNCO). This is because reaction (Optional) g ° Turbo Pump
1 effectively produces two key chain carriers, OH and H, on J

account of the instability of the MM radical at high temperatures.
We have demonstrated that the branching ratio for reaction Figure 1. Schematic diagram of the experimental apparatus.

1, a = ki/(ky + kp), increases sharply from 0.3 to 0.5 at

temperatures between 1000 and 120@°HKyidging the gap range 10061200 K, using a pulsed laser photolysisass

betwee(rjl tlhe Iovg—temﬂt_arature_ value%msﬁ_gg ang the EESC(?gt:(y spectrometric technique. The result of this study independently

reported large branching ratioa & 0. '.) a220ve ) confirms the drastic increase of in this critical temperature

obtained by NH—NO flame speed modelirg:22 In a brief range which is beneficial to the de-N@rocess.

report which appeared most recently in this journal, we showed

by a direct product measurement that in the temperature range

300-1000 K o increases steadily from 0.11 to 0.30 with a Experimental Section

concomitant decrease in the value b= ki/(ky + k) from . .
0.89 to 0.70, illustrating for the first time that + 3 = 1.23 The total rate constant and branchlng ratio measurements for
In this article, we present the results of our new measurementst"® N + NO reaction were carried out mass spectrometrically
for the total rate constant in the temperature range-3MB7 using the high-pressure sampling technique developed by

Saalfeld and co-workefd. The sampling technique has been

K and a new set of data far covering the critical temperature A - . ! -
g P extensively utilized by Gutma#¥, Matsui, Koshi and their

collaborator® for kinetic measurements. A schematic diagram
of the experimental apparatus is shown in Figure 1. The NH
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radical was generated photolytically with an excimer laser — NH(a'A) + H2(12g+)

(Lambda Physik EMG 102) in a quartz tubular Saalfeld-type

reaction tube which has an i.d. of 10 mm and a length of 150 |, the photolysis process, the MHproduct channel in the
mm with a conical sampling hole of 12am diameter at the  gjecironic ground state is the most dominabit£ 0.97). A
center of the reactor. The reactor was mounted perpendicularlygmai amount of NH product @ = 0.025) in the electronically

to the detection axis of a quadrupole mass spectrometer (QMS eycited state could be ignored because of its considerably shorter
Extrel Model C50). For elevated-temperature experiments, the rejaxation time than the title reactidh. The NH product is also
reaction tube was heated with Nichrome ribbon 0.15 mm thick negligible because of its small quantum yieddl € 0.008)26-28

and 15 mm wide and insulated with ceramic wool. By adjusting The conversion of NE by photodissociation was -38%

the current with a variac through the heater, the reaction tube depending on the reaction temperature and photolysis laser
temperature could be varied from 300 to 1200 K. The energy ¢30—40 mJ).

temperature was measured using a movable type K thermo- The time-resolved concentration of the® product or the
couple, located near the center of the reaction tube with an NO reactant was directly measured in order to determine the
accuracy and uniformity of 2 K. total rate constant for the reaction of Mkvith NO in the

The detection chamber housing the mass spectrometer wagémperature range 363,037 K using various mixtures of NA1
separated from the supersonic expansion chamber which holddVO/He (mainly He diluent). The reaction temperature was
the reaction tube by a metal plate with a 1.0 mm orifice skimmer limited to 1040 K because of low signal-to-noise ratio caused
(Beam Dynamics Model 1) mounted at the center and 3.0 mm PY high 1O background or insensitivity of NO signal to the
from the sampling hole in the reaction tube. The expansion total rate constant because of secondary reactions above that
chamber was pumped by an Edwards Diffstak Model 160/700 terpperatu;e.h the ti ved t ient sional H
diffusion pump with a pumping speed of 1300 L/s to a chamber Igure < shows the ime-resolved transient signals 0
base pressure of 10Torr. The detection chamber was pumped and NO obtained for kmeuc_measurements at the selected
by a Leybold turbomolecular pump with a speed of 1000 L/s temperatures. At each, the time-resolved signals were taken

10 a chamber base pressure of T orr. The reaction tube for 3—4 different reaction conditions. The positive ion signal
P : . . was obtained by electron impact ionization at 70 eV followed
was pumped by an Edward rotary vacuum pump with an oil

e : : by QMS mass selection. Transient signals were typically
trap to prevent the back-diffusion of oil vapor. During the averaged over 200-500 laser shots with a repetition rate of 1

experiment, the pressures in tt;e expansion angl detection; - They were recorded on a Nicolet 450 digital waveform
chambers were kept at{3.0) x 107 and (5-10) x 107> Torr, acquisition system. As shown in the inset of the figure, the

respectively. These conditions produced from the sampling hole NHj3 signal dropped immediately after laser firing and remained
a molecular beam which was introduced through the skimmer fat for a period of~30 ms until a fresh sample filled the front
into the ionization region of the spectrometer. half of the reaction tube and the NKignal returned to its initial

All experiments were carried out under slow-flow conditions. level. During this flat-time period, kinetic and branching ratio
Mixing of reactants and the helium buffer gas was achieved in measurements were carried out. The repetition rate of 1 Hz
a stainless bellows tube prior to the introduction into the reaction allowed enough time between pulses for thesNfginal level
tube. The concentration of each individual molecule was to return to its initial value.

obtained by the following formula: [R 9.66 x 10'(%)PFg/ The experimental conditions for the kinetic measurements
TFr molecules/cr®y where % is the percentage of each molecule Were 0.05-0.21 Torr of NH; and 0.002-0.062 Torr of NO with
in its gas mixtureP is the total reaction pressure in Toifjs [NOJ/[NH2] = 0.25-50 and a total pressure of 2:8.7 Torr.

the reaction temperaturEg is the flow rate of each gas mixture, ~Under our experimental conditions, we cannot rule out the
andFr is the total flow rate of all gases. The flow rates were COMpeting reactions or radical recombination reactions. Thus,
measured by using mass flowmeters (Brooks, Model 5850C angtime-resolved KO and NO concentration profiles were kineti-

MKS, 0258C), and the gas pressure was measured with an MKsCally modeled with the SENKIN prograth using a set of
Baratron manometer. reactions to simulate the kinetics of the INO/He system at

. . each experimental temperature. The solid curves presented in
NHs (Aldrich), CO (Matheson), C@ (Aldrich), and HO P P P

Figure 2 represent the modeled results using the mechanism
(deionized water) were purified by standard trap-to-trap distil- g p :

; s Lo listed in Table 1 without involving CO.
lation. NO (Matheson) was purified by vacuum distillation  the results of our total rate constant measurement are

through a silica gel trap maintained at 195 K to remove gymmarized in Table 2. A weighted least-squares fit of the
impurities such as N® The trap was preheated and diffusion | gie constants obtained between 305 and 1037 K to the
pumped for 12 h at 420 K to remove any condensed water. He Arrhenijus equation yielded

(99.9995%, Specialty Gases) was used without further purifica-
tion. k. = 8.29x 10"°T %" exp(300M) cm’(mols) (1)

Results B. Branching Ratio Determination. Product channel
branching ratios for the NfJH- NO reaction were measured by
the mass-selected detection ot CGO,, and NO in the
temperature range 361200 K. The CQ product, which
resulted from the rapid reaction of OH with added CO, is a
convenient and reliable measure of the OH radical present in
the systen®® In order to kinetically model the values afand

A. Total Rate Constant Measurement. The NH, radical
was produced by the photolysis of Mt 193 nm at which
NH3; may be photofragmented by the energetically accessible
paths

NH, + hv (193 nm)— NH,(X ?B,) + H(*S) B, we kept the total rate constar & ki + ko) of the NH, +
NO reaction unchanged for each temperature using eq 1, and
— NH,(A 2A1) + H(ZS) only the relative values df; andk; were varied. The actual

number densities of each product were calculated by using its
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y y y T ] reaction |) on any speciesi) of interest-reactants, products,
@) 1,0 T=308K ; or reactive intermediatesas a function of reaction time. The
sensitivity coefficient is defined b$; = (aCi/dk;)(k/C;), where

Ci is the concentration of théh species and; is the rate
constant of thgth reaction included in the mechanism. Effects
] of key reactions on the removal of NHand NO and the
formation of HO and CQ will be discussed later on the basis
of the calculated sensitivity coefficients.

Discussion

A. Total Rate Constant for NH, + NO. Many kinetic
measurements have been reported for the rate constant of the
1 NH, + NO reaction by probing of Nkl decay' 16 or OH
product formatiok’ using a variety of laser-based methods.

1 These results are summarized in Figure 5 as well as in Table 4,
which lists the individual rate constants presented in various
] forms and the experimental methods and conditions employed.
As indicated in the table and the figure, these experimental
1 data have a spread &f35% from the preferred value taken in

: . : : ; the middle of the spread by Baulch et&lln view of the scatter

in these data, we attempted to measure the rate constant with

) ) ) ) the rise time of HO production or the decay time of NO using
Figure 2. Time-resolved transient signals for the total rate constant

measurement of the NH- NO reaction. Conditions are given in Table a new, fast amplifier for signal vaUISI.“.O.n'
2 As revealed by the results of sensitivity analyses for,NH

and HO presented in Figure 6, the rates of N#ecay and

signal amplitude at the plateau of the product concentration H20 formation depend strongly on the total rate constarnt
profile and a carefully prepared calibration gas mixture gdH ki + ko, in the initial stages of the Nit+ NO reaction. For
CO,/He3! NHo, reactions 2 and 13 are responsible for its removal, with

CO, and HO product measurements for the determination large negative sensitivity ppeffluenf[s_._ On the_ qther hand, fo_r
of the branching ratios of the NH- NO reaction were limited ~ H20, reaction 2 has a positive sensitivity coefficient because it
to 1000 K because of high#® background as mentioned earlier 1S mainly responsible for its formation. Kinetically, it is
and the possible contamination a¥z 44 caused by pO understandable why the rise time o®1 formation depends
formation from secondary reactions. Thus, NO reactant decay Strongly onk, whereas the limiting plateau value of 461}, is
measurement was used for the determination of the branchingcontrolled mainly by the branching ratig, = ko/k. Accord-

40 0 10 20 30 40
time (msec)

Signals (arbitrary units)

time (msec)

ratio above 1000 K. ingly, the absolute values d¢ and 3 can be simultaneously
Figure 3 shows the typical transient signals of &0d HO and independently determineq by modeling a single profile of

products and the NO reactant for branching ratio measurementH20l such as those shown in Figure 2.

obtained in the pulsed photolysis of mixtures of §IMO/CO/ Our kinetically modeled values &f are also summarized in

He and NH/NO/He, respectively. The positive ion signals were Figure 5 and Table 4 for comparison with the published results.
obtained in the same manner as for kinetic measurement. TheAs indicated in the figure our results, which can be presented
slower rise of the signals comparing with those presented in DY the expressiok, = 8.29 x 10T 05700 cm¥/(mol s), lie
Figure 2 resulted from the use of a higher gain preamplifier in in the middle of the existing scatter and are in close proximity
order to get better signal-to-noise ratios in the plateau region. Of the preferred values of Baulch et'dl.

The typical experimental conditions were 0-:8%23 Torr of The error limits given in Table 2 fok correspond to b's
NHs, 0.00-0.51 Torr of CO, and 0.150.34 Torr of NO with of the evaluated values which depend predominantly on NH
[NOJ/NH,] = 0.5-1230 and a total pressure of 2:9.7 Torr. + NO and weakly on secondary reactions. Since our results

In order to account for the radical recombination and other lie in the middle of the existing scattet-85%) ofk’s measured
secondary reactions in the calculation of product or reactant by various groups using several techniques throughout the
number densities, kinetic modeling was carried out with the temperature range studied (365037 K), they are expected to
SENKIN program for each experimental run using the mech- be reliable within 20’s.
anism given in Table 1. Selected experimental conditions for  B. Product Branching Ratios: o and 8. As mentioned in
all temperatures studied are summarized in Table 3 with the preceding sectionge and/or § have been determined
kinetically modeled concentration and branching ratios. The concurrently or independently. Fordetermination, CO was
kinetically modeled averaged valuesmfandp are presented  added to the system and the amount of@®med by the OH
in Figure 4 for comparison with the results reported by several + CO reaction was used to model its value. Batetermina-
investigatorg;16.17.19-21 tion, H,O formed directly in the NH + NO reaction was

In addition to the results obtained from the limiting (plateau) measured and Kinetically modeled for its value. This approach
concentrations of pD for the determination o8, we have was initially used to determine andg in the temperature range
acquired more data from kinetic modeling of the time-resolved 300—-1060 K
[H20]; profiles, whose limiting values are controlled by the In the present study, we extended the measurement to cover
magnitude off. the critical temperature range in which the value cofwas

C. Sensitivity Analysis. The key function of the SENKIN noticed to drastically increase in our recent study of the; NH
prograni® is to compute the value of a sensitivity coefficient NO reaction by FTIR spectrometry as indicated ab®v&he
(Sj) which reflects the degree of influence by a particular rates of the disappearance of NEnd NO and that of kD
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TABLE 1: Reactions and Rate Constant3 Used in the Modeling of the NH, + NO System
reaction A n E ref
1. NH, + NO = NzH + OH 8.40E+0% 0.53 —998 this work
9.19E+22 —3.02 9589 this work
2. NH, + NO = N, + H,O 8.28E+14 —0.93 —382 this work
3.40E+14 —0.98 —2605 this work
3. OH+CO=CO,+H 2.01E+06 1.57 —845 30
4. OH+ NH3z = H,O + NH; 2.00E+12 0.00 1830 14
5. NH+H=N+ H 3.00E+13 0.00 0 4
6. NH+N=N;+H 3.00E+13 0.00 0 14
7. NH+ NH = N2+ H; 2.50E+13 0.00 0 33
8. NH+ NO=N;+ OH 2.90E+13 —0.23 0 4
9. NH+ NO=N,O+H 2.20E+14 —0.40 0 4
10. NH+ OH=HNO+H 2.00E+13 0.00 0 4
11. NH+ OH =N + H,O 5.00E+11 0.50 2000 4
12. NH-+ HONO = NH, + NO; 1.00E+13 0.00 0 35
13. NH, + H=NH + H; 4.00E+13 0.00 3656 33
14. NH; + HNO = NHz + NO 3.60E+07 1.60 —1252 34
15. NH, + HONO = NHz + NO; 7.11E+01 3.00 4942 34
16. NH, + NH = NoH, + H 1.50E+15 —0.50 0 33
17. NH, + NH2 = NH + NH3 5.00E+13 0.00 9995 33
18. NH, + NHz = NoH» + H» 5.00E+11 0.00 0 33
19. NH; + NO, = NO + H,NO 1.05E+12 0.09 —1156 32
20. NH; + NO, = N,O + H,O 2.47EF11 0.09 —1156 32
21. NH, + OH+ M = H,NOH + M 5.70E+24 —3.00 0 14
22. NH, + OH = NH + H;O 4.00E+-06 2.00 1000 4
23. NH+M=NH;+H+M 2.20Et+16 0.00 93468 33
24, NH + H = Hz+ NH> 6.36E+05 2.39 10171 33
25. NeH + H=Hz+ N; 1.00E+14 0.00 0 4
26. NH+M=H+N+M 1.00E+14 0.00 3000 14
27. NeH + OH = H,0 + N, 5.00E+13 0.00 0 4
28. N:H + NH = NH> + N2 5.00E+13 0.00 0 33
29. NeH + NO = HNO + N 5.00E+13 0.00 0 4
30. NoHz> + H = NoH + Ha 5.00E+13 0.00 1000 33
31. N:Hz + O = NH; + NO 1.00E+13 0.00 1000 4
32. NeH2 + O = NoH + OH 2.00E+13 0.00 1000 4
33. N:Hz + OH = NoH + H.0 1.00E+13 0.00 1000 4
34. NoHz + NO = NH;, + N.O 3.00E+12 0.00 0 4
35. NoHz + NH = NoH + NH» 1.00E+13 0.00 1000 33
36. NoH2 + NH2 = NoH + NH3 1.00E+13 0.00 1000 33
37. O+ NO,= 0, + NO 1.00E+13 0.00 600 4
38. OH+H;=H,O+H 1.20E+09 0.00 0 4
39. OH+HCO=H,O+ CO 5.00E-13 0.00 0 36
40. OH+ HNO = H,O + NO 3.60E+13 0.00 0 4
41. OH+ HONO = H,0 + NO; 4.00E+12 0.00 0 35
42. OH+NO+ M =HONO+ M 1.00E+28 —2.51 —68 35
43. OH+ OH=HO+ O 6.00E+08 1.30 0 4
44, OH+OH+ M =H)0.+ M 5.70E+24 —3.00 0 14
45, H+ CHO = H, + HCO 2.28E+10 1.10 3279 18
46. H+H+M=H,+M 1.00E+18 —1.00 0 4
47. H+ HCO=H,+ CO 9.00E+13 0.00 0 18
48. H+ HNO=H,+ NO 4.50E+11 0.70 650 4
49. H+ HNCO= NH; + CO 1.10E+14 0.00 12700 36
50. H+NO+M=HNO+M 5.40E+15 0.00 —600 14
51. H+ NO,=OH+ NO 3.50E+14 0.00 1500 4
52. H+OH+M=H,O+ M 1.60E+22 —2.00 0 14
53. HCO+ HCO=CH;O + CO 3.00E+13 0.00 0 18
54. HCO+ HNO = CH;O + NO 2.00E+11 0.70 0 d
55. HCO+M=H+CO+M 1.90E+17 —1.00 17200 36
56. HCO+ NO=HNO+ CO 7.20E-13 —0.40 0 38
57. HNO+ O =NO + OH 1.00E+13 0.00 0 4
58. HNO+ NO = N,O + OH 2.00E+12 0.00 26000 4
59. HNO+ NO, = HONO + NO 6.00E+11 0.00 2000 35
60. HNO+ HNO = N,O + H>0 4.00E+12 0.00 5000 4
61. HONO+ H = NO; + H; 1.20E+12 0.00 7350 35
62. HONO+ O = NO, + OH 1.20E+13 0.00 6000 35
63. HONO+ HONO = NO + NO; + H,O 2.30E+12 0.00 8400 35
64. HNO + NO = HNO + HNO 2.00E+07 2.00 13000 4
65. HNO + NO; = HNO + HONO 6.00E-11 0.00 2000 35
66. HNO + NH; = HNO + NH3 3.00E+12 0.00 1000 35
67. HNCO+M =NH+CO+ M 8.41E+15 0.00 84700 36
68. HNNO+ NO = N; + HONO 2.60E-11 0.00 1620 14
69. HNNO+ NO = NzH + NO; 3.20E+12 0.00 540 14
70. NG+M=NO+O+M 1.10E+16 0.00 66000 4
71. NO+M=N+O0+M 4.40E+14 0.00 56100 4

aRate constants are defined by= AT" exp(—E4#RT) and in units crf, mol, and sE, is in the unit of cal/mol? For 300-1000 K. ¢ For 1006~
2000 K.9 Assumed® Read as 8.46« 1(°.
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TABLE 2: Summary of the Total Rate Constant Measurements for the NH + NO Reactior?

T(K) P [NH3]o [NH2]o [NOJo k (102 cmé/(mol s)p
305 4346-4410 65.65-67.17 5.62-5.75 2.02-4.16 8.59+ 0.40
305 5096-5190 66.62-67.62 5.93-6.02 3.27-5.51 8.95+ 0.50
310 2186-9730 62.58-70.87 4.715.33 44.34-50.21 8.15+ 0.50°
321 4280-4450 65.99-70.24 5.02-5.16 2.34-7.78 7.91+ 0.49
340 4366-4700 91.67-92.58 5.415.90 1.42-2.50 7.01+ 0.60
377 5216-5550 67.09-69.22 5.19-5.35 4.05-10.4 6.58+ 0.45
420 4570-4640 66.28-70.46 5.09-5.41 3.217.09 5.59+ 0.36
473 5460-5960 70.15-74.00 3.24-3.42 4.95-11.1 4.85+ 0.45
533 4646-4790 68.05-70.47 4.39-4.54 4.38-8.25 4.03+ 0.48
545 4730-5310 106.4-113.4 1.151.18 2.52-4.13 3.80+ 0.30
660 4726-4930 71.38-75.20 4.08-4.30 5.18-10.8 3.23+0.39
770 5330-6060 131.7134.9 1.33-1.36 16.7-28.6 3.10+ 0.35
744 4816-5030 71.32-76.20 3.38-3.61 6.1512.6 2.87+ 0.65
835 4910-5250 65.57-74.54 3.213.65 8.59-19.7 2.48+ 0.36
900 4950-6080 73.9179.09 3.04-3.25 9.09-27.4 2.36+ 0.25

1037 8006-8510 207.9-211.1 1.251.27 31.25-61.5 3.12+0.32

aThe units of total pressure and all concentrations are in m¥dwerage values from45 experimental runs; the uncertainty represents.1.0
¢ Total rate constant was measured with a reactor coated with concentr#€d H
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Figure 3. Typical time-resolved transient signals for the branching
ratio measurement of the NH- NO reaction.

production determined gravimetrically by Poole and Grdven
could not be kinetically modeled unless the valuetefas raised
from 0.30 at 1060 R to 0.5 near 1200 K, the upper limit of
the temperature range covered in these pyrolytic studies.

Our present results summarized in Table 3 and Figure 4

quantitatively confirmed the rapid rise afabove 1000 K23

In addition, the value off determined below 1060 K also
quantitatively demonstrates that+ g = 1, suggesting that
there is no additional product channel present within the
temperature range investigat®€dIt was not possible to reliably
determings above 1060 K because of the high®background
signal resulting from a significant conversion of the thermal
de-NQ reaction: 4NH + 6NO — 5N, + 6H,0.

In addition to the new values of determined in the 1060
1200 K region, we have obtained new data forat nine
temperatures from time-resolved,® kinetic measurements.
These data, denoted by filled circles in the inset of Figure 4,
agree closely with the previous results derived from the limiting
values of HO yields as illustrated in Figure 3 using an amplifier
with a higher gair?® Figure 7 summarizes the individual branch
rate constantgk; andk;, calculated with all values af, 5, and
the total rate constarg given in eq 1.

Figure 8 shows the results of sensitivity analyses for, CO
and HO products for the system containing RO, CO, and
He at 800 K. The high sensitivity of the G®ield to the value
of ky or o is also illustrated in Figure 9, where the yield of €0
as a function of time is plotted with varying values @f At
300 K, a change im by +0.05 results in a change of about

50% in [CQy] plateau yields. Above 1000 K, the same change
in a from 0.30 leads to about 16% change in NO conversion,
which is readily detectable in our experiments. The results of
a sensitivity analysis for NO given in Figure 10 shows that NO
decay is strongly affected by reaction 1.

On the basis of our total rate constant for NH NO and
the values ofx determined in the present study at 3a200 K
and those reported by Vandooren et’aiit 1506-2000 K, the
absolute rate constants for reactions 1 and 2 were evaluated by
least-squares analysis and are given below (in units 6f cm
(mol s)) for kinetic modeling:

T =300-1000 K
k, = 8.40x 10°TO5%"502T

k, = 8.28 x 10MT 0931921
T = 1000-2000 K

k, = 9.19x 10727 30% 48267

k2 = 3.40 x 1014T70.98e+1311/T

The branching ratios obtained in the present study over the
temperature range 36200 K were determined at long
reaction times by the limiting concentrations of £6,0, and/
or NO, which could be reliably measured with standard
calibration mixtures. The results of sensitivity analyses for these
species indicate that the key secondary reaction affecting their
concentrations is the OHt NH3z — H,O + NH; reaction, which
has been extensively investigated.

To test the effect of the OH NH3 reaction oro, we varied
its rate constant byt100% near 1000 K. This led to a
concomitant change in the value @f= 0.28 by+0.05 based
on CG and by+0.03 based on the NO concentration measured.
The changes are expected to be smaller below 1000 K and larger
near 1200 K. In view of the critical importance of thgHN+
OH branching ratio above 1200 K to the de-Nfrocess, a
careful shock tube study by OH diagnostics is recommended
for the 1006-2000 K range.

C. NO Reduction. The magnitude ofx strongly affects
the efficiency of NO reduction by Nibecause the two most
reactive chain carriers, H and OH, are produced concurrently
by reaction 1. This effect is illustrated by the sensitivity analysis
result presented in Figure 10, indicating that the major NO
reducing reactions are (1) and (24)HNH3;, which generates
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TABLE 3: Typical Reaction Conditions? and Product Yields® at Temperature Studied
[COl¢ [H20]; [NO];
T (K) P [NH3lo  [NHzlo  [COlo [NOlo exp o calc exp B calc exp o calc note
300 7200 71.93 2.92 93.64 346.0 0.115 0.10 0.113 2.904 0.90 2.894

(9]

302 6200 59.74 3.01 7851 264.2 0.119 0.10 0.116 3.003 0.90 3.007 ¢
305 5190 66.62 5.93 0.0 55 4370 0.90 4.391 d
310 2180 62.58 4.71 0.0 44.34 4800 0.90 4.796 e
321 4450 65.99 4.85 0.0 7.8 4280 0.90 4.263 d
377 5550 67.09 5.19 0.0 10.4 4722 0.90 4551 d
420 4600 70.46 541 0.0 3.2 3585 088 3591 d
473 5670 70.15 3.24 0.0 11.1 2.721 0.88 2.869 d
527 6720 69.38 2.52 89.94 263.9 0.106 0.14 0.104 2635 0.86 2.628 d
533 4790 68.05 4.39 0.0 8.3 2.783 0.84 2793 d
695 6950 57.29 111 73.05 293.9 0.048 0.18 0.046 1088 0.82 1.050 c
744 5030 71.32 3.38 0.0 12.6 1121 0.80 1.127 d
800 3900 82.01 2.30 205.7 169.1 0.201 0.20 0.9 2351 0.80 2321 c
835 5250 65.57 3.21 0.0 19.7 2.167 0.78 2.179 d
882 7060 68.26 0.90 86.51 315.3 0.073 024 0.076 1331 076 1.370 c
900 6080 73.91 3.04 0.0 27.4 2545 0.78 2548 d
930 4010 86.99 1.24 215.2 172.4 0.194 0.26 0.207 1988 0.74 2.000 ¢
957 8020 179.5 0.23 513.6 282.4 0.563 0.72 0.532 d
1004 4500 100.0 1.22 247.1 188.8 0.279 0.28 0.287 2467 072 2570 ¢
1016 8100 96.05 0.87 121.3 339.8 0.115 0.26 0.111 2.002 0.74 2.106 c
1037 8000 2111 1.27 0.0 31.25 27.42 0.28 27.36f
1060 4120 89.89 0.91 221.5 179.5 0.256 0.30 0.258 2.203 0.68 2.274 c
1095 9500 2314 2.10 0.0 68.70 62.10 0.36 61.75f
1123 5130 97.61 0.99 0.0 48.89 4720 0.40 47.15f
1155 4730 109.9 1.00 0.0 43.23 4135 0.44 41.39f
1170 4730 144.2 1.16 0.0 56.68 5435 0.46 54.40f
1200 4830 147.6 0.89 0.0 57.88 55.57 0.48 56.03f

aThe units of total pressure and all concentrations are in m¥axp and cal represent the experimental and kinetically modeled concentrations,
respectively ¢ The signal amplitude was taken tat= 15 ms for CQ andt = 10 ms for HO in their concentration plateau regiodsThe signal
amplitude was taken dt= 3.5 ms.© The signal amplitude was taken using a reactor coated with concentrg®gl Btt = 3.5 ms.f The signal
amplitude was taken at= 15 ms.
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Figure 4. Summary of branching ratios for NH- NO — N,H+ OH 1000/T
(o) and N: + H20 (B) as functions of temperature. The results of various ]
studies: dotted line, ref 19; dashed line, ref X7:ref 16; v, ref 20; Figure 5. Arrhenius plot for the total rate constant of the N NO
0, ref 2;+, ref 21; @, ref 23;0, this work @). Inset: @, this work; O, reaction: A, ref 17; B, ref 18; C, ref 11; D, ref 13; E, ref 14; F, ref 15;
ref 23 (8); O, ref 23 (1— «). The ordinate of the inset is in the same G, ref 12; H, ref 16. This work:O, measured by +O; ®, measured
scale of Figure 4. by NO; solid curve, fitted results.

more NH. The destruction of Nbj on the other hand, is  the total pressure nor by the [NOJ/[NHreactant ratio, which

dominated by the removal processes 2 and 13. was varied over a range of 0-25230: . '
The drastic increase af from 0.3 at 1000 K to 0.9 at 2000 The absence of pressure effect within atmospheric pressure

. is clearly illustrated by the close agreement amkyisgneasured
5 a::jcordlng ttgqlth;e NIglI—N?j.ﬂatmetspe?fq meas%urement of over the wide range of pressure employed in various studies as
andooren et & strongly indicates the efficacy of NHas an summarized in Table 4 (1 Toee P < 700 Torr). Our RRKM

NOy reducing agent. calculations carried out earliéron the effects of temperature

D. Comments on the Effects of Pressure, Reactant Ratio, and pressure on the total rate constant and products branching
and Reactor Surface. In the present experiment, the total ratios did not reveal significant dependence of these quantities
pressure was varied from 2 to 10 Torr, limited by the operational on pressure either.
range of pressure in the quadrupole mass spectromieter ( To test the possible effect of reactor surface, we have
1075 Torr). The values ok, o, andS were affected neither by  performed an additional measurement with a reactor coated with
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TABLE 4: Comparison of Experimental Rate Constant Expression for the NH, + NO Reaction

rate constant expressin T (K) P (Torr) 10 K30 method ref
2.64x 10'9T-23exp(—684T) 294-1215 1.0-2.8 0.54 DFI/LIF (NH) 11
1.67 x 1071167 216-480 2.5-20 1.22 FP/LIF (NH) 12
2.7 x 10vT-185 209-505 0.4-4.0 0.71 DF/LIF (NH) 13
1.33x 1012 exp(525T) 297-673 20-150 0.77 LP/CRD (Nh) 14
1.28x 1067125 300-500 2-700 1.03 FP/AS (Nb) 15
3.37x 108722 295-620 1-31 1.20 FP/ILS (NH) 16
7.9 x 10857417 294-1027 3-100 1.00 LP/LIF (OH) 17
1.08 x 10'2 exp(6501) 220-2000 0.94 recommended 18
8.29 x 1037057 exp(300T) 305-1037 2.29.7 0.89 LP/MS (HO, NO) this work

aRate constants are in the units of #fmol s).? Rate constant at 300 K.In parentheses, the species probed or measured are indicated. FP
flash photolysis, AS= absorption spectroscopy, BF dischage flow, LP= laser photolysis, LIF= laser-induced fluorescence, IlsSintracavity
laser spectroscopy, CRB cavity ring down, and MS= mass spectrometry.
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Figure 6. Sensitivity analyses for NfHand HO formed in the NH/
NO/He system at 744 K. Conditions are given in Table 3. The method
of sensitivity analysis can be found in ref 29.
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Figure 7. Absolute rate constants for NH- NO — N;H + OH (ky)
and NH + NO — N; + H;0 (k). Open symbols indicate the results
of direct measurements.

concentrated gPOy. At the lowest pressure employed in the
present studyP = 2.18 Torr, the values of botk; and
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Figure 8. Sensitivity analyses for COand HO formed in the NH/
NO/CO/He system at 800 K. Conditions are given in Table 3.

The insignificance of reactor surface effects on the values of
ki can also be ascertained by the existence of the close agreement
amongk;s measured by a variety of techniques under a wide
range of pressure as alluded to above. The remarkable accord
in values of o between 950 and 1200 K (see Figure 5)
determined by the present laser photolysis/mass spectrometric
study at 2-10 Torr pressure and by the kinetic modeling of the
data from pyrolytic studies of the NH- NO reaction by FTIR
spectrometry at 700 Torr pressure with a static redtes well
as the gravimetric measurement of thgoHormed at 800 Torr
pressure with two different quartz flow tul¥éslso rules out
any significant influence of reactor surfaces.

Conclusion

The reaction initiated by pulsed photolysis BNO mixtures
at 193 nm using a high-pressure sampling mass spectrometric
technique developed by Saalfeld and co-workKemiows us to
study the kinetics of Np + NO in detail. From the time-
resolved concentration profiles of,8 and NO measured

measured at 310 K with the coated reactor agree quantitativelybetween 305 and 1037 K, we obtained the total rate constant
with those obtained with uncoated quartz reactors of varying for NH, + NO: k = 8.3 x 1013T-0-57300T cmg/(mol s), which

expansion orifices (see Tables 2 ferand Table 3 foB).

is in excellent agreement with the preferred literature véfue.
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Figure 10. Sensitivity analyses for NHand NO reflecting the
efficiency of NO reduction by Nglat 1200 K. Conditions are given in
Table 3.

From the accurate measurements of absolute yields,0f H
and CQ, formed by the reaction of OH with added CO, the
product channel branching ratios for WH NO — N, + H,O
(8) and NH, + NO — N2oH + OH (o), respectively, have been
obtained in the temperature range 3AM60 K. The value of

Park and Lin

conclusion reached recently from kinetic modeling of iNH
NO flame speeds by Vandooren et?hland by Brown and
Smith?? thato > 0.5 above 1500 K. These new results strongly
suggest that NElis indeed a highly efficient de-NCagent.
Theoretically, the rapid increase i above 1000 K is not
clearly understood. The result of a recent variational RRKM
calculation by Diau and Smith for the production of MH +
OH did not reveal any sigmoidal increase dn although its
large value above 1200 Ka(> 0.5) could be accounted for
theoretically. Intuitively, one would expect that the sharp upturn
in the value ofa above 1000 K might reflect the opening of
the new direct, three-body fragmentation process, HNNOH
H + N, + OH at higher energies. This direct channel should
be included in theoretical modeling also.
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Note Added in Proof In Table 4 and Figure 5, we
inadvertently left out the recent result of M. Wolf, D. L. Yang,
and J. L. Durant which appeared dn Photochem. Photobiol
1994 A8Q, 85, for the total rate constant of the MH NO
reaction,k; = 3.3 x 10P4T40%1034T c;d/(mol s). This is in
close agreement with the majority of the published data
summarized.
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