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the wave velocity" in the acidic nitrate-ferroin system does not 
contain the term corresponding to k3[Fe2+]o, that is, the wave 
velocity is independent of the initial concentration of ferroin and 
the curve of the nitrate dependence starts from the origin. 

The fact that the differences between the reactions of similar 
substrates can be so markedly reflected in the velocity formulas, 
presents additional perspectives for the investigation of chemical 
waves' 

some basic points of the previous s u g g e s t i ~ n s ~ ~ - l ~  for the mech- 
anism of the reaction. 

It is worth comparing the results presented here with those 
obtained in the acidic nitrateferroin system. The main difference 
between the two systems is that Fe2+ ions react with the auto- 
catalyst (HNO2) but ferroin does not.I7 Thus, the formula of 
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The rate coefficient for the reaction NO + NO3 - 2N02 (1) has been measured in a discharge flow system between 223 
and 400 K. Measurements were made by laser-induced fluorescence detection of NO, in the presence of excess NO or by 
chemiluminescent detection of NO in the presence of excess NO3. Analysis of the kinetics was made using a modified form 
of the usual flow equations, which explicitly accounts for the viscous pressure drop. The rate coefficients are in excellent 
agreement with the determination of Sander and Kircher (Chem. Phys. Lett. 1986,126, 149). The recommended rate coefficient 
from this study and that of Sander and Kircher can be adequately described by the expression k l  = (1.65 f 0.35) X 
10-l'e[(llwm)/n cm3 molecule-' s-I. The possible effects of secondary chemistry on the rate coefficients determined are discussed. 

Introduction 
The reaction between NO and NO, (1) ties together three 

members of the odd nitrogen family (NO, NO2, and NO,). The 

(1) 
reaction has been implicated in controlling the NO, chemistry 
when a large local source of NO is present, e.g., in the urban 
troposphere, and its rate becomes competitive with NO, photolysis 
for NO mixing ratios approaching 0.3 ppb (-7.5 X lo9 molecules 
c m 9 ' J  In the laboratory, reaction 1 is important as a titration 
reaction in flow tube studies when the absolute NO, concentration 
is required for cross-section determinations3+ or kinetics mea- 
s u r e m e n t ~ . ~ ~  Reaction l has also been utilized to remove NO3 
irreversibly in experiments to measure the thermal decay of Nz05 
in order to prevent regeneration of N205.'a1' The rate coefficient 
for reaction 1 also appears in expressions describing the decom- 
position of N205-containing mixtures.12-14 

The reaction has been the subject of three previous direct 
studies, two of which involved measurement of the temperature 
dependence. Hammer et al. presented the most extensive data 
set on the reaction, measuring kl between 209 and 414 K in a 
flow tube system.Is They found a weak negative temperature 
dependence below 300 K and a virtually temperature-independent 
rate coefficient above 300 K. Sander and Kircher covered a 
smaller temperature range (224-328 K) in their flash photolysis 
experiments.I6 Their rate coefficients were 2&25% lower than 
those of Hammer et al. and showed a weaker temperature de- 
pendence. Torabi and Ravishankara measured kl at 296 K using 
both flow tube and pulsed photolysis  experiment^.'^ Values of 
kl derived by using the two methods agreed with each other, within 
10% and also supported the higher values found by Hammer et 
ai. 

We have measured kl as a function of temperature using a flow 
tube, with laser-induced fluorescence (LIF) detection of NO3 or 
chemiluminescent detection of NO. The goals of the study were 
to reconcile the differences between the absolute magnitudes of 

NO + NO3 - 2N02 
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the Hammer et al. and Sander and Kircher measurements, to use 
a wide enough temperature range to be able to investigate the 
discontinuous temperature dependence reported by Hammer et 
al., and to perform the reaction using either excess NO or excess 
NO, to evaluate the possible effects of secondary chemistry. 

Experimental Section 
The experiments were carried out using the flow tube technique 

with detection of NO3 by laser-induced fluorescence or NO de- 
tection by chemiluminescence. The flow tube (20.2-mm id.) was 
surrounded by two coaxial jackets; the inner one allowed circu- 
lation of fluid for temperature regulation, and the outer one could 
be evacuated to thermally insulate the system against heat loss 
or frosting. The reaction was studied between 223 and 400 K over 
a pressure range 0.4-1.5 Torr with helium as the carrier gas. For 
experiments below ambient temperature, ethanol was circulated 
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by a Neslab ULT-80DD bath; above ambient temperature, 
ethylene glycol was circulated by a Neslab RTE-110 bath. The 
free radicals from the source (fluorine atoms from discharge, NO, 
from thermal source) entered the flow tube through a side arm, 
while the NO was introduced down a movable injector, external 
diameter 9 mm, concentric with the flow tube. The reaction 
distance could be varied up to 65 cm, the entire length of which 
was contained within the temperature-controlled region. Since 
wall losses for NO3 are usually small, the main flow tube was 
uncoated, while the outside of the injector was coated with a 
fluorocarbon wax. Due to the jackets of the flow tube, it was 
impractical to measure the pressure at the center of the flow region. 
Instead, pressure ports were installed at each end of the mea- 
surement region. This enabled the variation of pressure with 
reaction distance to be taken into account explicitly in the analysis 
(see Results section). 

The detection cell was machined out of a cube of stainless steel 
(7.5-cm sides). Tubular extensions held matt-black circular baMes 
(4-6-mm diameter) machined to a knife-edge finish and quartz 
windows mounted at Brewster's angle on a length of glass tubing. 
A blackened cylindrical insert extended from the end of the flow 
tube past the detection region to eliminate scattered light from 
the cell. The insert had a 180' 4-mm slit cut into it perpendicular 
to the cylinder axis to allow the laser light to pass and to restrict 
the field of view of the detector to approximately the same volume 
as that occupied by the laser beam. 

Laser-induced fluorescence of NO3 was excited by radiation 
from an argon ion pumped dye laser (Coherent CR-699 ring dye 
laser 01-configuration, pumped by Coherent Innova 100 ion laser). 
The dye laser was operated broad band with Kiton Red dye, using 
only a birefringent filter for intracavity tuning. In this way output 
powers of 300-500 mW could be obtained to excite the fluores- 
cence. The wavelength used to excite NO3 was 623 nm. Although 
the NO3 cross section at 662 nm is larger than at 623 nm,'* it 
has been shown that the majority of NO3 fluorescence occurs at 
2662 nm, regardless of the excitation ~ a v e l e n g t h . ~ ~ . ~ ~  Hence, 
by exciting at 623 nm and detecting X > 650 nm, it was possible 
to separate the incident exciting light at 623 nm from the 
fluorescence and to measure NO3 with good sensitivity. The 
fluorescence was detected perpendicular to the directions of gas 
flow and laser propagation by a Hamamatsu R374 photomultiplier 
tube held at 243 K in a thermoelectrically cooled housing (Pacific 
Instruments Model 3470). The fluorescence passed through a 
series of matt-black knife-edge slits and a 640-nm long-wave-pass 
filter which served to reduce both ambient light and scattered laser 
light. Photons detected at the photomultiplier were counted with 
a preamplifier/pulse counter (Pacific Instruments or MIT In- 
struments) and MIT Instruments PRM-100 rate meter. Counts 
were acquired and averaged for two or three 32-s periods at each 
reaction distance (depending on the signal-to-noise ratio for a given 
experiment) with a PC computer. The laser power was monitored 
behind the cell by a Coherent 212 power meter. The power did 
not vary by more than a few percent during the course of a rate 
coefficient determination, so it was not necessary to normalize 
the signal to the laser power. From titration experiments we 
estimate that - -1O1O molecules cm-3 could be detected with a 
signal-to-noise ratio of - 10 and with a signal-to-background ratio 
of -0.02 at a pressure of 1 Torr for 350-mW laser power. The 
fluorescence intensity was found to behave linearly with [NO3] 
and laser power over a wide range of conditions (40-500-mW laser 
power, (1-100) X lo1' molecules cm-, NO3). The initial [NO3] 
in experiments with excess NO was in the range (4-10) X 10" 
molecules cm-), and a ratio of [NO]/[N03], > 10 was usually 
obtained, in order to maintain pseudo-first-order conditions. In 
some experiments using low [NO], the [NO]/[NO,] ratio dropped 
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below 10; in these cases, the effective NO was calculated from 
the reduction in NO, fluorescence at  the shortest reaction time, 
assuming that the loss of NO, equaled the loss of NO to that point. 
These points did not affect the regression analysis particularly, 
since they were at very low [NO]. 

For the experiments in which NO was detected by chemilu- 
minescence the combination of filters and baffles used was not 
changed, but a black cloth was placed over the whole of the 
detection chamber and side arms. A flow of 240 sccm ozonized 
O2 (4% 0,) was added 7 cm upstream of the detection region to 
excite the N M 3  chemiluminescence. 

( 2 4  - NO2* + 02 Ob) 

NO + O3 - NO2 + O2 

NO2* - NO2 + hv 

The pressure was approximately 1 Torr for these measurements. 
Two methods were used for the production of NO3 radicals. 

The first was the reaction of NO2 with 03.21 A mixture of NO 
(0.2% in He) was mixed with a flow of O3 in He and allowed to 
react slowly in a reactor of approximately 1-L volume at a tem- 
perature around 430 K and a total pressure of 5-50 Torr. The 
following reactions occur: 

NO + O3 - NO2 + O2 

NO2 + O3 - NO3 + O2 

NO2 + NO3 + M - N20, + M 
N205 + M - NO2 + NO, + M 

(2) 
(3) 
(4) 
( 5 )  

At 430 K approximately 80% of the NO was converted to NO,, 
as verified by titration of the NO3 in the main flow tube by NO. 
The remaining NO, presumably remained as NO2 or N20S. The 
resulting mixture then entered the flow tube through a side arm. 
In the reactor, the NO, concentration was -5 X 10l3 molecules 
~ m - ~ ,  while the O3 concentration was - 1 X 10l6 molecules ~ m - ~ ,  
In the main flow tube, the NO, concentration was molecules 
~ m - ~ ,  while the O3 concentration was - 1 X lok4 molecules cm-,. 
The resultant cooling and dilution prevented regeneration of NO3 
by reaction 3. Also, any N205 produced in the side arm will not 
dissociate at the lower pressures and temperatures encountered 
in the flow tube, thus minimizing regeneration of NO, by reaction 
5. We estimate from computer simulation of the reactions given 
above that decomposition of N205 at the highest temperature (296 
K) and pressure (1 -5 Torr) used would affect the NO3 decays by 
less than 0.1%. 

In the second method, fluorine atoms generated by a microwave 
discharge in a dilute F2-He mixture were reacted with ex- 
HNO, to generate NO3 (k6 = (2.4 * 0.8) X lo-" cm3 molecule-' 

(6) 
The microwave discharge was excited in an alumina tube, and 
the free radicals entered the main flow tube via a short Pyrex 
side-arm reactor (10 cm long, 1 cm diameter) at 90' to the 
alumina tube. This configuration reduced the amount of light 
from the discharge reaching the detection area. The side-arm 
reactor could also be used to carry out reactions before reaching 
the main flow tube (see below). The source reaction (6 )  was 
carried out in the main flow tube, allowing enough time for the 
reaction to go to completion before the NO was added. Initial 
experiments showed regeneration of NO, at long readion times, 
which was thought to be due to the presence of FO radicals, 
formed by the reaction of F atoms at the surface of the glass tube 

F + glass - FO (7) 
or, if the concentration of HNO, was too low, by reaction with 

s- I) :7,9,22 

F + H N 0 3  - H F  + NO, 

N033,S,7,9 (18) DeMore, W. B.; Molina, M. J.; Sander, S. P.; Golden, D. M.; 
Hampson, R. F.; Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R. JPL Pub/. 
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(20) Nelson, H. H.; Pastemack, L.; McDonald, J. R. J .  Phys. Chrm. 1983, 
87, 1286. 

1987, NO. 87-41. 
(21) Cantrell, C. A.; Davidson, J. A.; Shetter, R. E.; Anderson, 8. A.; 

(22) Wine, P. H.; Wells, J. R.; Nicovich, J.  M. J .  Phys. Chcm. 1988, 92, 
Calvert, J. G. 1. Phys. Chrm. 1987, 91, 5858. 

2223. 



Rate Coefficient for NO + NO, - 2N02 

F + NO, - FO + NO2 

FO + NO + F + NO2 

F + HNO, + H F  + NO, 

(8) 

(9) 

(6) 

followed by 

A large apparent injector loss of the NO3 (typically 10 s-I) was 
found in the preliminary experiments where FO was thought to 
be present. Production of FO was minimized by the use of low 
microwave power and the addition of a large flow of He to the 
F2-He mix, which reduced the residence time in the discharge 
tube. However, some regeneration of NO3 still occurred, so a small 
flow of NO was added to the side arm, sufficient to react away 
at least 80% of the remaining FO before it reached the main flow 
tube. In this way, a clear maximum was observed in the detected 
NO, as a function of the added NO. The injector loss of NO3 
was found to be very low (0 f 4 s-I) for conditions of low FO. 
It is probable that the large apparent injector loss of NO, was 
actually due to FO being removed on the clean surfaces of the 
injector. This would lead to an apparent increase in the NO3 as 
the injector was retracted. In a few experiments the nitric acid 
was allowed to react with the F atoms in the side-arm reactor. 
This generally resulted in a lower NO, signal than when the 
reaction took place in the flow tube. This is indicative of un- 
identified nonlinear processes removing NO, at the elevated 
concentrations encountered in the side arm. The reaction between 
FO and NO3' could be a possible candidate (but it would have 
to be considerably faster than C10 + N0318): 

(10) 
At the low pressures used here, FOz should have a lifetime of the 
order of seconds, and its formation should not lead to regeneration 
of NO, in the main flow tube.I8 

Regular titrations were carried out to determine the efficiency 
of NO3 production and to ensure that pseudefirst-order conditions 
were met. The reaction between NO3 and NO was used for this 
purpose. The ratio of initial NO, to F2 was usually found to be 
1.6 f 0.2. Although this represents less than unity conversion 
of F2 to NO3, we feel it is likely that the fluorine is essentially 
completely dissociated in the discharge and that either some F 
atom recombination occurs after the discharge region or some NO, 
is destroyed by secondary reactions, as described above. The 
concentration of HNO, in the main flow tube was kept in excess 
of 1.2 X 10" molecules cm-,, giving a ratio [HNO,]/[F], > 120, 
to ensure that the occurrence of reaction 8 was negligible. 

All gases were introduced into the flow tube using mass flow 
controllers (MKS or Tylan) which were calibrated against a dry 
test meter or a bubble flow meter. Pressure was measured with 
MKS Model 227 Baratron capacitance manometers. The helium 
used for the main carrier gas and for making gas mixtures was 
chromatographic grade (US.  Welding). Mixtures of NO in He 
or N2 were made up from pure NO (Linde) and high-purity 
diluent gas. The majority of experiments were carried out using 
a 2.10% (f0.06%, 2a) mixture of NO in Nz. The concentration 
of the mixtures was checked periodically in a 20-cm cell by FTIR 
spectrometry. No statistically significant difference in the NO 
content of the mixture was found between determinations carried 
out over the course of 6 months. The level of NO2 impurity in 
the NO was found to be -2% of the NO. No other reactive 
impurities were detected in the infrared region (only a little N,O). 

Flows of nitric acid were generated by bubbling He through 
a mixture of concentrated HN03  (70 wt %) in concentrated H$04 
(initially 1 :2 by volume) held in a wash bottle at ambient tem- 
p e r a t ~ r e . ~ . ~ . ~ ~  The flow of nitric acid was estimated assuming 
saturation of the carrier gas at a nitric acid vapor pressure of -20 
Torr at 296 K.23 Infrared analysis showed the concentration of 
H 2 0  in the vapor to be less than 1% of the HNO,. 

Ozone was produced by the action of a corona discharge into 
pure 0 2  For the thermal NO3 source the 0, was trapped on silica 

(23) Jaecker-Voirol, A.; Ponche, J. L.; Mirabel, P. J.  Geophys. Res. 1990, 

FO + NO, - FOz + NOz 

95, 11857. 
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gel at 196 K and introduced to the reactor by flowing He over 
it at approximately 40 Torr. For the experiments using excess 
NO3 and chemiluminescent detection of NO, the 0, was prepared 
continuously. Fluorine was obtained as a 5% mixture in He from 
Spectra Gases and normally used directly from the cylinder. For 
experiments using low NO concentrations, the F2 mixture was 
further diluted by a factor of 10 in chromatographic grade helium. 

Results 
The reaction of NO with NO, was studied by using three 

different chemical systems: excess NO, using a thermal source 
of NO,; excess NO, using a discharge source of NO,; and excess 
NO,, also using a discharge source of NO,. Each system will be 
discussed separately. 

The analysis was based on a standard first-order analysis, 
modified to include the viscous pressure drop down the tube. The 
viscous pressure drop down the flow tube is given in cgs units by 
Poiseuille's law24*z5 

16RTr]z(dn/dt) 

1ra4 
P,2 - Po2 = (1) 

where r ]  is the viscosity, subscript zero represents the value of a 
quantity as measured at the lower pressure port, z is the distance 
upstream measured from the lower pressure port, a is the radius 
of the flow tube, and dn/dr is the molar flow rate past a given 
point in the tube. 

By expressing both the concentrations of NO and NO, as 
functions of P (and hence of z), the standard first-order equation 
can be integrated explicitly to include the pressure drop. The 
resulting equation has the form 

In [NO,], - In [NO,], = -kl[NO],tc 

where 

t c = L ( l +  (P? - PO2)Z ) 
VO 21POZ 

The fixed distance between the two pressure ports (65 cm) is 
referred to as 1. The term t, has the dimensions of time and can 
be thought of as a corrected reaction time. It actually corrects 
both the reaction time and [NO],; this enables Po and [NO], to 
be used. In practice, the term ( P t  - P;) was evaluated from the 
known physical properties of the flow tube and the carrier gasz6 
by using the Poiseuille equation (I). This leads to the following 
working form of the expression for t ,  for helium as carrier gas: 

2.64 x 1 0 - 7 ~ p . 5 ~  
a4PO2 

Here, F is the total flow rate in standard cm3 s-I and Po is 
measured in Torr. For moderate pressure drops the expression 
reduces to the form normally used in kinetics experiments, in which 
the pressure is measured at the midpoint of the flow tube (z = 
1/2), and mean values of the flow parameters are used. However, 
the analytical solution given here takes explicit account of the 
nonlinear variation of reaction time with z, caused by the viscous 
pressure drop. Note that the correction applies to the region of 
the flow tube actually used in a particular experiment. For mast 
circumstances the correction is small. It is useful in our case 
because of the high rate coefficient of the reaction being studied, 
which necessitates a high flow velocity, and the rather narrow 
radius of the flow tube. Note also that the correction enters as 
a quadratic term in Po, since it affects both the [NO] and the 
velocity. In the most extreme case, for the fastest flows at 400 
K, the values of [NO], and vo differed by about 9% from those 
that would be calculated by using the mean pressure in the tube. 

(24) Howard, C. J. J .  Phys. Chem. 1979.83, 3. 
(25) Clyne, M. A. A.; Nip, W. S. In Reacriue Inrermediares in rhe Gas 

Phase; Setser, D. W., Ed.; Academic Press: New York, 1979; pp 1-57. 
(26) Wcast, R. C.; Astle, M. J. CRC Handbook of Chemistry and Physics, 

63rd cd.; CRC Press: Boca Raton, FL, 1983. 
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TABLE I: Summary of Experimental Conditions for Mersureomt of k l  

range of NO,' no. of press. range, k,, IO-" 
temp, K conditions mokules  cm-, expts Torr om3 molecule-' s-I 

8 0.7-0.9 2.72 i 0.10b 223 FI-HNOj 3.9-10.4 
243 FZ-HNO, 3.6-12.1 11 0.7-1.2 2.61 i 0.07 

2.23 f 0.10 296 FZ-HNO, 1.8-7.3 19 0.7-1.2 
2.32 f 0.1 1 323 FZ-HNO, 1.6-8.9 10 0.7-1.3 

0.7-1.4 2.23 i 0.08 
2.27 i 0.1 1 400 FZ-HNOp 2.1-10.3 10 0.6-1.1 

1.5-5.5 21 0.5-1 .O 2.87 f 0.24 
9 0.5-0.8 2.78 f 0.19 1.5-4.3 

I 5  0.4-0.8 2.61 f 0.17 
273 No243  

0.9-5.3 
1 .o 2.43 i 0.08 

296 

296 excess NO,' 8.6-12.3 3 1 .o 2.17 i 0.08 

353 F2-HNOj 1.6-8.8 11 

243 N02-03 

223 excess NO,' 5.8-16.3 3 

353 excess NOJC 6.6-1 1.2 3 1 .o 2.10 i 0.08 

OFor excess NO, experiments, range of NO,. bPrecision at l u  level. 'Carried out using F,-HNO, source of NO,. 

The calculated second-order rate coefficients obtained by using 
the two different approaches differed by less than 1%, but the 
relative standard deviation was reduced from 6.9% to 3.2% by 
using the "corrected" time base. 

In practice, the flow rates of the various constituents were 
entered into a spread sheet, along with Po and the temperature, 
to obtain the concentrations. Then, values of the NO3 fluorescence 
at different values of z and finally the background signal were 
entered. The program automatically applied the pressure cor- 
rection and fitted the values of In ( [NO,] - background) against 
tc by the nonweighted linear least-squares method. Second-order 
rate coefficients kl(  T) were obtained from an unweighted linear 
least-squares fit of k'against [NO], after correcting for axial and 
radial diff~sion.~',~* The radial correction was the simple ana- 
lytical form (eq 23 in Keyser's paper), which is valid for conditions 
of low wall loss of NO3 and moderate pressure range (diffusion 
coefficient >30 cm2 s-'). The diffusion coefficient D, for NO3 
in He was taken from Hammer et al.,15 0, = (310/P)(T/273)' ,5 
cm2 s-l. For conditions encountered here, the diffusion coefficient 
was always greater than 100 cm2 s-l. By performing titrations 
a t  various positions along the flow tube, it was possible to show 
that the loss of NO3 on the wall of the main flow tube was less 
than 5 s-l. 

The Reaction NO + NO,: Discharge Flow Source Using 
Excess NO. The most extensive set of results was obtained by 
using the reaction of F atoms with HNO, to produce NO3. Some 
problems were encountered with regeneration of NO3 due to 
formation of FO, but these were eliminated satisfactorily, as 
described in the Experimental Section. The loss of NO, on the 
surface of the injector was measured each day by performing an 
experiment in the absence of NO. This decay rate was subtracted 
from all the runs on a given day, to ensure that experiments from 
different days had consistent intercepts. Due to the low wall 
reactivity of NO3 (<5 s-I), it was not necessary to measure the 
injector loss more than once per day. 

It was observed that the fluorescence did not decay completely 
to baseline (scattered light + dark counts), even at long reaction 
times. This was found to be due to LIF of the product NO2. Even 
though the absorption crass section of NO2 is approximately lo00 
times lower than that of NO3 at 623 nm,29 the radiative lifetime 
is sufficiently short that it is not quenched as efficiently as NO3, 
giving a detection sensitivity for NO2 about 100 times less than 
for NO, for the conditions of this study. This can lead to sub- 
stantial curvature at high N O  concentrations, since two NO2 
molecules are produced for each NO, reacted. The relative 
sensitivities for NO2 and NO3 were demonstrated by introducing 
NO2 directly into the flow tube down the movable injector. Since 
the NO2 is formed as a direct product of the reaction being 
studied,, the correct baseline to use is that measured a t  long 
reaction time, when all the NO, has been converted to N02.30 

(27) Kaufman, F. J .  Phys. Chem. 1984,88,4909. 
(28) Keyser, L. F. J .  Phys. Chem. 1984, 88. 4750. 
(29) Davidson, J. A,; Cantreli, C. A,; McDanicl, A. H.; Shettcr, R. E.; 

(30) Sander, S. P.; Watson, R. T. J .  Phys. Chem. 1980,84, 1664. 
Madronich, S.; Calvert, J.  G .  J .  Geophys. Res. IW, 93, 7105. 
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Figure 1. Second-order plot for NO + NO, - 2 N 0 2  at 296 K for 
experiments with excess NO. Data are shown for experiments using both 
NO, sources: 0, discharge flow; V. thermal source. 
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Figure 2. Arrhenius plot showing all directly measured rate coefficients 
for NO + NO,. Solid lines are described in the text. Symbols: (m) this 
work, discharge flow; (0) this work, thermal source; (V) this work, ex- 
NO,; (A) Sander and Kircher;I6 (0) Hammer et aI$ (0) Torabi and 
Ravishankara." Error bars shown are representative of combined un- 
certainties as reported by respective authors. 

This interference was discovered after the room-temperature data 
had been taken, so the 296 K decays were "linearized" by adjusting 
the baseline (within reasonable limits based on observed sensi- 
tivities for NO2 relative to NO,) until the decays were logarithmic. 
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For all the determinations at other temperatures, the baseline was 
measured a t  long reaction time, with a high flow of NO. The 
contribution to the total fluorescence from NO2 contained in the 
N O  (- 2%) was negligible. 

The data obtained at 296 K are shown in Figure 1. The rate 
coefficients obtained, at temperatures between 223 and 400 K, 
are summarized in Table I and shown in Figure 2. A weak, but 
distinctly negative, temperature dependence was obtained. The 
data are well described by the Arrhenius-type expression, k = 

kl  = (1.68 f 0.14) X 10-~1e[(103*S0)l~ 

where the errors are 2a (precision) and a(A) = Aa(ln A). We 
estimate potential systematic uncertainties to be on the order of 
6%. The measured rate coefficients did not show any systematic 
dependence on the flow rate or pressure (varied by a factor of -3) 
or the initial NO3 concentration. The data above room tem- 
perature could be interpreted as showing a discontinuity in the 
slope, similar to that seen by Hammer et al. However, since our 
temperature dependence is less, the effect is less pronounced. We 
prefer, though, to describe the data by a simple two-parameter 
fit, which represents our data within the uncertainty limits. 

The Reaction NO + NO,: Thermal Source Using Excess NO. 
The second source used for NO, production was the thermal 
reaction of NO2 with Oj.21 The source reactor was held at 430 
K and operated a t  a pressure between 5 and 50 Torr, depending 
on the flows of N O  and O3 used. The source did not allow a large 
range of NO3 to be produced. If the residence time in the reactor 
was too short, the formation reaction (3) did not go to completion. 

(3) 

At slower flows, the yield of NO3 dropped, probably due to N205 
formation in the cooler region between the reactor and the flow 
tube. Measurements of k, were carried out between 296 and 243 
K. Below this temperature the NO, behavior was irreproducible, 
and it took a long time to obtain a steady signal after moving the 
injector. This could be due to some heterogeneous reaction in- 
volving O3 which led to production of NO3 or NO2 (which would 
have caused a background shift). At 243 K the signal changes 
were instantaneous and quite reproducible, and we assume that 
the kinetics data for T 1 243 K are not influenced by the un- 
characterized interference seen below 243 K. Also, experiments 
were carried out in which a stable signal was obtained at room 
temperature, and then the flow tube was cooled stepwise to 243 
K. In these cases, the NO3 fluorescence a t  243 K was within a 
few percent of that measured a t  296 K, after correcting for the 
change in density of the gas. This suggests that no unidentified 
reactions were removing NO3 between these two temperatures. 
Attempts were made to measure the injector loss of NO3 using 
this source; this was always found to be equal to 0 s-l within 
experimental error. 

The presence of 0, in the flow tube led to one complication 
in the analysis: the observation of NO-03 chemiluminescence 
from the excess NO, which manifested itself as a constant baseline 
shift, The background (chemiluminescence + scattered light) was 
measured separately for each NO concentration without the source 
N O  turned on. Experiments with and without the laser showed 
that NO, production from reaction between the added NO and 
0, was negligible. Correction was also made for the LIF of 
product NO2 molecules, but in general the correction was less 
critical than for the experiments using the F2 source, since the 
NO concentrations used here were lower (and hence, the NO3 
decay did not approach baseline). 

The 0, Concentration in the main flow tube was calculated to 
be of the order 10'' molecules cm-3 for these experiments based 
on a vapor pressure of 6 Torr at 196 K. This is probably an upper 
limit for what was actually obtained in the flow tube, since the 
residence time for the carrier gas in the ozone trap was usually 
kept quite short. It was noted that, immediately after the ozone 
trap was loaded, a very large and unstable chemiluminescence 
background was observed, and the flow had to be reduced sub- 
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Figure 3. Second-order plot for NO + NO, at 243 K. Data are obtained 
by using a thermal source of NO,. Solid line is an unweighted linear 
least-squares fit to data, constrained to pass through origin. Symbols: 
0, included in fit; A, not included in fit. 
stantially before stable kinetics measurements could be made. 

A second systematic error is that associated with the reaction 
of NO with 03. This could lead to depletion of the NO on a time 
scale comparable to the NO3 decay. Computer simulation of the 
reaction system shows that this would lead to an underestimation 
of the rate coefficient of the order 5% at the highest O3 concen- 
tration and lowest flow velocities used. As discussed above, the 
ozone concentration was probably overestimated, so that the figure 
of 5% must be considered an upper limit for the systematic error. 

Representative data obtained at 296 K are included in Figure 
1 for comparison with experiments using the other source, and 
data obtained at 243 K are shown in Figure 3. The rate coef- 
ficients obtained by using this source are included in Figure 2 and 
summarized in Table I. Two different NO mixtures were used 
to obtain the data at 296 and 273 K, with no systematic differences 
found. The results obtained with this source are systematically 
about 10% higher than those obtained with the discharge source, 
but overlap within the experimental uncertainty. The data ob- 
tained by using the thermal source were more scattered than those 
using the discharge source, and this is reflected in the error bars 
of the derived rate coefficients. The scatter comes partly from 
fluctuations in the signal, possibly due to instabilities in the ozone 
flow and partly from thermal instabilities in our laboratory, which 
led to drifts in the detection stability. These were minimized before 
the work using the discharge flow source. Figure 3 shows the data 
points measured at 243 K and an unweighted linear least-squares 
fit to the data. The three points lying well below the line were 
excluded from the fit, since they clearly made the fit skew away 
from the origin. If the fit to the remaining points was not con- 
strained to pass through the origin, a rate coefficient of (2.81 f 
0.14) X lo-" cm3 molecule-I s-I was obtained, with an intercept 
of 7 s-l. If the fit was constrained to pass through the origin, a 
rate coefficient of (3.00 f 0.06) X IO-" was obtained. The 
skewing of the fit away from the origin reflects the uncertainty 
in fitting some of the data. The rate coefficient given, (2.89 f 
0.24) X cm3 molecule-l s-I, is the mean of these two values, 
as an attempt to remove the skewing of the data. At the other 
temperatures the fit was found to pass through the origin. The 
temperature dependence of the data is also in good agreement 
with that obtained from the discharge source ( E / R  - 110 K). 

The Reaction NO + NO3: Discharge Flow Source Using 
Excess NO,. Some experiments were also carried out using an 
excess of NO3 with NO being detected by chemiluminescence. 
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A flow of ozonized oxygen was added to the flow tube just before 
the detection region. For these experiments, the F2 source was 
used, since this could generate large concentrations of NO, (>lo" 
molecules I",). The procedure was first to carry out a titration 
of NO, by NO, to determine the NO3 concentration. The NO, 
flow was set up, and then small flows of the NO mix (2.10%) were 
added down the movable injector. The decrease in NO3 
fluorescence was measured for three or four flows of NO, from 
which the total NO, could be ~alculated.'.~ Canosa-Mas et aL6 
have examined potential causes of systematic error in this titration, 
and for the conditions of our experiments (1 Torr of He, flow 
velocity 2000 cm s-I, [NO,] < 1.2 X IO', molecules cm-,) the 
observed stoichiometry factor should be unity. The laser beam 
was then blocked, and the detection region was covered with a 
black cloth to eliminate room light. A small flow of N O  was added 
down the movable injector, and chemiluminescence from the 
reaction NO + 0, used to monitor the N O  decay as the injector 
was pulled out. The entire titration was carried out with the 
ozonized O2 flowing. Under these conditions the NO sensitivity 
was -2 X 1O'O molecules cm-,. The background was very stable, 
and very fast NO decays could be measured with good precision. 

Three NO decays were measured at each of three temperatures. 
The rate coefficients obtained are included in Table I with un- 
certainties a t  the lo level. We estimate an overall uncertainty 
(95% confidence) of f20% since the use of the titration to de- 
termine the NO, concentration introduces a larger uncertainty 
for these measurements than for those using excess NO, where 
the NO concentration could be determinedmlely from flow rates. 
The results obtained agree within experimental error with those 
obtained by using the F-HN03 source and excess NO at corre- 
sponding temperatures. 

Discussion 
Absolute Value ofthe Rate Coefficient kl.  The most extensive 

data set, obtained with the discharge flow source and excess NO, 
agree almost identically with the data of Sander and Kircher (see 
Figure 2). Within the uncertainties of the two studies the results 
cannot be distinguished. Our experiments using the 0, source 
and those using excess NO, also support lower values for the rate 
coefficient at each temperature than those found by Hammer et 
al. The lower line shown in Figure 2 is an unweighted least-squares 
regression through our data obtained using excess NO and that 
of Sander and Kircher.I6 Also shown are the results of Hammer 
et al.Is and Torabi and Ra~ishankara. '~ The upper regression line 
shown is a fit to these two data sets below 350 K. 

As described in the Experimental and Results sections, some 
evidence was found for production of FO in the radical production 
region. Measures were taken to reduce this, by titrating the FO 
by NO. Simulations of the chemistry in the main flow tube and 
the side arm were carried out using the ACUCHEM program.,' We 
estimate that an initial FO concentration equal to 0.1 of the NO, 
would give a measured rate coefficient approximately 10% too 
low. The decays would actually look reasonably well behaved, 
since the most acute curvature takes place in the first 10 ms, past 
the travel of the injector. Therefore, a significant FO concentration 
would lead to erroneous measurements. However, the simulations 
show that the NO added to the side arm would reduce the FO 
to less than 20% of its initial value (for reasonably low FO). Since 
the NO3 never increased by more than 5% when NO was added 
to the side arm, the remaining FO could not have been more than 
a few percent of the NO3. Hammer et al. also used the F + HNO, 
reaction as a source of NO3 but found good agreement between 
the results obtained with different sources. The main difference 
between our experiments and theirs is that our F atom concen- 
trations were roughly an order of magnitude higher than theirs, 
due to a larger scattered laser light contribution which reduced 
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our sensitivity. Therefore, any uncertainties due to radical-radical 
reactions may have been magnified in our study. However, we 
feel that all necessary measures were taken to reduce or account 
for these uncertainties. 

To test whether regeneration of NO, was a problem, the re- 
action was studied by using excess NO,. The experiments carried 
out using excess NO3 are not significantly different from those 
using excess NO. If the above regeneration mechanism were 
operative, it would have led to an overestimation of the N O  
removal rate. However, as pointed out by Sande? and by Mellouki 
et a1.,8 the NO, would also have been overestimated in the titration. 
The overall effect would be an underestimation of the rate 
coefficient. Again, this would be comparable to the ratio of FO 
to NO3. For the reasons described above, the effect should be 
much less than 10%. Regeneration of NO, via FO is not the only 
interference which could be occurring; however, it is difficult to 
conceive of a mechanism that would simultaneously regenerate 
both NO and NO,. 

The precision of the rate coefficients obtained by using the 
discharge source lay between 4 and 5% ( I  n), More scatter was 
evident in the experiments done using the thermal source, -8%. 
Some of this was due to uncontrolled environmental effects in the 
laboratory a t  that time, which led to drifts in the stability of the 
detection system over the time scale of an experiment. We es- 
timate an additional systematic uncertainty of 5-62 from flow 
calibrations, pressure measurement, etc., leading to overall un- 
certainties (95% confidence) of - 15% for the discharge flow 
experiments and -20% for the experiments using N02-03. 

Temperature Dependence of the Rate Coefficient k l .  The 
temperature dependence measured here is very similar to that 
measured by Sander and Kircher.I6 There is slight evidence for 
curvature at higher temperature, possibly even a temperature- 
independent rate coefficient, but within the uncertainties of the 
measurements this is not unambiguously determined. Hammer 
et al. were unable to account for their temperature dependence 
theoretically, and we therefore prefer to express the dependence 
in the simplest and most useful form, i.e., a two-parameter, Ar- 
rhenius fit. Combining all of our data with those of Kircher and 
Sander we obtain 

kl = (1.65 f 0.35) X 10-"e[("Of25)/g cm3 molecule-' s-I 

where the error in the A factor includes precision (20.) and an 
estimated 10% from systematic sources, while the error in the 
exponential term represents statistical uncertainty only. This final 
value should be adequate to describe the reaction for most ap- 
plications near ambient temperature. Experiments at much higher 
temperatures (600-800 K) would be useful to confirm the tem- 
perature dependence for incorporation into future theory. 

Conclusions 
We have remeasured the rate coefficient for NO + NO, be- 

tween 223 and 400 K. The data support the lower values of the 
rate coefficient obtained by Sander and Kircher. Data obtained 
with different NO, sources show small but systematic differences, 
outside the precision of the individual measurements. It should 
be pointed out, of course, that the total spread in the measurements 
obtained by all investigators is only -&25% (at the lowest tem- 
perature) and *15% at 400 K, which is not a large uncertainty. 
However, since the individual data sets are so self-consistent, the 
differences must be due to systematic errors associated with un- 
identified chemical reactions occurring in the different systems. 
We have been unable to verify the discontinuous Arrhenius be- 
havior observed by Hammer et al. 
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