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Abstract

The kinetics and mechanism of the reaction of nitrous acid (HONO) with F atoms have been studied using the mass spectrometric
discharge-flow method at 298 K and at a total pressure of 130 Pa of helium. The rate coefficient of the readd@NBE — products
(1) was measured under pseudo-first order conditions from the kinetics of HONO decay in excess of katem&.4 + 1.1) x
10~ cm® molecule ! s~ (quoted uncertainty includes estimated systematic errors) M@ detected as a product of reaction (1) and the
reaction F+ HONO — HF + NO, (1a) was found to be the main (if not unique) channel of reaction (1) under the experimental conditions
of the study(k1a/ k1 = 1.0 + 0.1 (+20)). These results indicate that reaction (1) can be a suitable titration reaction for the measurements
of the absolute HONO concentrations under laboratory conditions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction absolute concentrations of this species in the flow reactor.

We report here a kinetic and mechanistic study of the el-
Nitrous acid (HONO) is an important atmospheric ementary reaction of fluorine atoms with HONO, which is

species, particularly due to its potential influence on the ox- a potential candidate for use as a titration reaction for the

idation capacity of the atmosphere, since the photolysis of determination of the absolute concentrations of HONO in

HONO to NO and OH (major oxidant in the troposphere) laboratory studies:

enhancgs photooxidatiqn processes, E.J.including tro- F 4+ HONO — products (1)

pospheric ozone formation:

HONO + Av (300-390hm) — OH + NO .
2. Experimental

Currently it is accepted that atmospheric HONO is pro-
duced mainly via heterogeneous reactions, although it is not Experiments were carried out in a discharge flow reactor
clear whether HONO is produced mainly on the surface of using a modulated molecular beam mass spectrometer as the
aerosolg2,3] or on the ground4]. In addition, the mecha-  detection method. The main reactor, showrFig. 1 along
nisms leading to HONO formation are still not completely with the movable injector for the reactants, consisted of a
understood. Pyrex tube (45cm length and 2.4 cm i.d.). The walls of both
The flow tube kinetic and mechanistic investigations of the reactor and the injector were coated with halocarbon
the heterogeneous reactions leading to conversion of nitro-wax to minimize the heterogeneous loss of active species.
gen compounds into HONO are currently under way in our All experiments were conducted @t= 298 K and 130 Pa
group. The study is focused on HONO formation and loss total pressure, helium being used as the carrier gas.
processes on soot. To better determine the yield of HONO F atoms were generated in a microwave dischargeyof F
from heterogeneous reactions one need a well characterizedliluted in He. To reduce F atom reactions with glass surface
source of HONO and a method for the determination of the inside the microwave cavity, a ceramic ¢@&l3) tube was
inserted in this part of the injector. It was verified by mass
* Corresponding author. Tel:33 2 38255474; fax:+33 2 38696004.  SPectrometry that more than 90% of #Was dissociated in
E-mail address: bedjanian@cnrs-orleans.fr (Y. Bedjanian). the microwave discharge. The fluorine atoms were detected
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Fig. 1. Diagram of the flow reactor used.

at their parent peak (F m/e = 19) and also as FBrat
m/e = 100, after scavenging by Bat the end of the reactor
through the fast reactiofb]:

F+ Bro — FBr+ Br,

kp = 2.2 x 100 19cm® molecule 1s1

€-s (2)
(all rate constants are given At= 298 K). Br, was added
5cm upstream of the sampling cone.

The advantage of this last method of F atom detection
compared with the direct detection at/e = 19 (F") is

HCI diluted in He was flowed through a column containing
NaNQ, crystals and heterogeneously formed HONO was
injected through the reactor sidearkid. 1) and detected at
its parent peak as HONO(m /e = 47). Absolute concen-
trations of HONO were measured in situ using the method
proposed in the present study. This direct calibration method
uses the title reaction £ HONO — HF + NO; (mechanis-
tic information from this study is given below) and consists
of the chemical conversion of HONO to NQvhich can be
easily calibrated A[HONQO] = A[NO2]).

Under the experimental conditions used this source of

that one does not need to make corrections on the possibleHONO was found to be free of residual concentration of

contribution of HF, product of reaction (1), at/e = 19. All

HCI. The monitoring of HCI concentration by mass spec-

the other relevant species were detected at their parent peakgrometry confirmed that HCI was completely consumed in

m/e = 38 (™), 47 (HONQO"), 46 (NO, ), 30 (NO), 160
(Brz™), 36 (HCIM).

Absolute concentration of F atoms was measured from
the titration reaction (2) using an excess o$ Bn this case,
[FI = A[Bry] = [FBr]. The concentrations of the stable
species in the reactor were calculated from their volumic

reaction with NaNQ@ and did not reach the main reactor. It

was observed that concentration of HONO formed was in the

range of 10-20% of HCI consumefgig. 2 shows an exam-
ple of the dependence of the concentration of HONO formed
in reaction (5) on the concentration of HCI consumed. For
this example the yield of HONO is near 14%.

flow rates obtained from the measurements of pressure drop The HONO source was found to be free of N@and

of mixtures of the species with helium in calibrated volume
flasks.

BrO radicals used to titrate NO potentially present in the
HONO source (see below) were produced by reaction (3)

[6]:

O+ Br, — BrO+Br,

k3 = 1.4 x 10 cm3molecule 1s1

3

The O atoms were generated from microwave discharge in
O2/He mixtures. BrO radicals were detected at their parent
peaks atn/e = 95/97 as Brd. The determination of their

absolute concentrations consisted in the usually used proce-

dure of BrO titration with an excess NO with simultaneous
detection of NQ formed (A[BrO] = A[NO2]) [7]:

BrO + NO — Br + NOy,
kg = 2.1 x 100 cm® molecule1s 1

(4)

HONO was generated via heterogeneous reaction of HCI
with NaNOy:

HCI + NaNO, — HONO + NaCl (5)
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Fig. 2. Dependence of the concentration of HONO formed on the con-
centration of HCI consumed in the column containing NaN@ystals.
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BrO + HONO — products
k7 < 3 x 103 cm® molecule 'st 7)

The same conclusion holds for the reactions of HONO with
Br atoms (formed in reactions (3) and (6) and present in
the reactor at concentrations higher that those of BrO) and
L with Bry (precursor of BrO, present in the reactor at con-
centrations around 8 103 molecule cn3). In contrast to
HONO, the concentrations of NO and M@ere found to
be affected by the addition of BrO into the reactor. As ex-
L pected we observed a decrease of the signal intensity at
m/e = 30 and increase of that at/e = 46, attributed to
the NO consumption and NGormation in reaction (4), re-
spectively. Moreover, the NO concentration consumed and
NO, concentration formed were found to be equal within
5%. These experiments allowed to determine that the HONO
sample contained approximately 15% NO impurity: [N©]
(0.15+ 0.04) x [HONO].
The purities of the gases used in the study were as fol-

Fig. 3. Dependence of the mass spectrometric signal intensit observedIOWS: He > 99.9995% (Alphagaz) was passed through lig-

19- 2. of Ihe mass c signal Intensity uid nitrogen traps; Br > 99.99% (Aldrich); /& (5% in he-
atm/e = 30 on the signal intensity at/e = 47 (HONO"). lium, Alphagaz); HCI—5% mixture in He (Praxair):0-
99.995% (Alphagaz); N@ > 99% (Alphagaz); NG~ 99%
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HNOs3: no signals were detected at/e = 46 (NO;T), 63
(NOs™) and 64 (HNQ™). The impurity concentration of

NO, from the source of HONO was estimated to be less

than Q04 x [HONOQJ]. On the other hand, a very intense sig-
nal atm /e = 30 (NO") (by a factor of 7.5 higher than that
of HONO atm/e = 47) coming from the source of HONO
was detectedNig. 3). Two possibilities can be considered
for the origin of the mass spectrometric signatgle = 30:
contribution due to the fragmentation of HONO in the ion

(Alphagaz), purified by trap-to trap distillation to remove
NO> traces.

3. Results and discussion

Two series of experiments were performed: in the first
one rate constant of reaction (1) was measured by mon-
itoring the HONO consumption kinetics in excess of F

source of the mass spectrometer or NO formation in the atoms and in the second one the reaction products were
source of HONO (for example, by heterogeneous decompo-studied.
sition of HONO). To distinguish between theses two possi-
bilities specific experiments have been carried out. The idea3-1. Rate constant measurement
of these experiments was to introduce BrO radicals into the
reactor to convert the NO molecules (if present in the re- Reaction (1) was studied under pseudo-first-order con-
actor) to NQ via reaction (4) and to measure in this way ditions using an excess of F atoms over HONO. The ini-
the number of NO molecules coming as impurity from the tial concentrations of HONO were in the rangeX34.0) x
HONO source. BrO radicals formed in reaction of O atoms 10 molecule cn®; the concentration of excess F atoms
with excess By (reaction (3)) were introduced into the re- Was varied between 0.08 and4@ x 10" molecule cn2.
actor through the movable injector, HONO being flowed Flow velocity in the reactor was 1720-1780 cnts The
through the reactor sidearm. It has to be noted first that no consumption of excess reactant, F atoms, was negligible
HONO consumption was observed for the maximum reac- (<15%) in most of the experiments, however it reached up
tion time of~1.5 x 10~2s and mean concentration of BrO to 50% in a few kinetic runs. This consumption of F atoms
around 16° molecule cni3. This mean concentration takes Was due to reaction with HONO, heterogeneous loss and
into account a 40-50% decrease of BrO concentration ob-reaction with traces of water present in the reactor. In the
served due to the Br@ BrO reaction[7]: calculation of the rate constakt the F atom concentration
have been kept constant, with a mean value along the HONO
decay kinetics. A numerical simulation of the HONO decay
kinetics, using the observed [F] temporal profiles, gave the
same values fok; (within 5%).

An example of kinetic runs of the exponential decay of
HONO measured with different concentrations of F atoms
is shown inFig. 4. The values of the pseudo-first-order rate

BrO + BrO — products
ke = 3.2 x 10 2cm> molecule ts™t (6)

This allowed to set an upper limit for the rate constant of
the reaction between BrO radicals and HONO:
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Fig. 4. Examples of the kinetic runs of HONO consumption in reaction

with excess F atoms.

constantsk; = —d(In[HONOQ])/dr, determined from the
kinetics of HONO consumption were corrected for axial and
radial diffusion of HONO[8]. The diffusion coefficient of
HONO in He was calculated from that of GGn He [9].

Typical corrections

Fig. 5 shows the dependence of the pseudo-first-order
rate constantk; = k1 x [F], on the concentration of F

t (102s)

were within 10%.

1.6

moved. The value ok; obtained from the slope of the
linear least square fit to the experimental datakis:=
(5.440.1) x 1011 ecm® moleculel s~1 with 1o statistical
uncertainty. Finally recommended value kf from this
study is:

k1= (5.4+11) x 10 cm®molecule1st

The uncertainty ok; represents the combination of statisti-
cal and estimated systematic errors. The estimated system-
atic uncertainties include-5% for flow meter calibrations,
+3% for pressure measurements ahii5% for measure-
ments of the absolute concentrations of fluorine atoms. Com-
bining these uncertainties in quadrature and addingta-
tistical uncertainty yields the quoted near 20% uncertainty
onKkj.

3.2. Products study

The possible channels of reaction (1) are the following:

F + HONO — HF + NOo,
AH; = —=57.2 + 0.3kcalmol! (1a)

F + HONO — OH + FNO,
AH; = —6.7 £ 2.1 kcal mol* (1b)

F+ HONO — NO + FOH,

atoms. The negligible zero-intercept is in good agree- AHy = —1.8+ 1.1kcalmol™ (1c)

ment with the experimental observation that no change

in HONO concentrations was observed in the absence ofg . HoNO - FO+ HNO

F atoms (discharge of.fHe off) when the injector was
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Fig. 5. The pseudo-first order plot of HONO consumption in reaction

with excess F atoms.

[F1 (103 molecule cm™3)

1.5

AH; =516+ 4.1kcalmol™? (1d)

Enthalpy data are frorfi’]. Channel (1d) can be excluded
under the experimental conditions of the present study as
too endothermic to proceed with the high rate constant
measured. Analysis of the mass spectra of the products
of reaction (1) led to the observations of the peaks at
m/e = 30 (NO) and 46 f1/e = NO?) in the presence of
reaction.

Concerning channel (1b), no evidence was found for the
formation of neither FNO or OH radicals in reaction (1).
First, no signal ain/e = 49 (FNO") was observed, how-
ever, FNO possibly formed in reaction (1) could give a most
intense peak at:/e = 30 (NO') due to fragmentation in
the ion source of the mass spectrometer. To try to detect OH,
co-product of FNO in reaction (1b), Bin concentrations
(3-5 x 103 molecule cnt® was added at the downstream
end of the reactor (sd€g. 1). In this case, the OH radicals,
if formed in reaction (1b), could be converted to HOBr and
detected atz/e = 96 (HOBrt) [10]:

OH + Br, — Br + HOBI,
kg = 4.0 x 10 cm®moleculet st (8)
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On the other hand it should be noted that the experimentstration of NO. It is important to note that under conditions
were carried out in excess of F atoms over HONO. Under of these experiments the excess oxygen atoms do not react

theses conditions, OH radicals, if formed, could react with
excess F atoms via reaction (9):

F+OH— O+HF (9)
However, even in this case the presence o Bould
convert O atoms into BrO (reaction (3)), which could
be easily detected atz/e = 95/97 (BrO"). Finally, no
product formation was observed at/e = 95/96/97, al-
lowing to exclude the significant contribution of reaction
pathway (1b) under the experimental conditions of the
study.

To distinguish between channels (1a) and (1c) one

needed an independent absolute calibration of HONO to

determine, for example, the branching ratio for the NO

forming channel (1a). To derive the absolute concentra-
tions of HONO, specific experiments were carried out,

where HONO was titrated (complete consumption) with
F atoms in presence of atomic oxygen in the reactor
([0] ~ 3 x 10 molecule cnT3). In this case N@ formed

in channel (1a) is converted to NO in reaction with O atoms

[71:

O+ NO2 — NO + Oy,

k1o = 1.0 x 10~* cm® molecule*s7* (10)

Thus all HONO molecules consumed in reaction (1) are
converted to NO, directly via channel (1c) or via channel
(1a) followed by reaction (10). The dependence of [NO]
formed on concentration of HONO consumed in reaction (1)
is shown inFig. 6. This plot allows for the determination of

the absolute concentrations of HONO from known concen-
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with HONO and have no influence on the distribution of the
products of reaction (1):

O + HONO — products

k11 < 1.0 x 1075 cm® molecule 1s™1

11)
Similarly, the termolecular reactions of F atoms with NO
and NQ are too slow at the low pressure of the study to
have a significant impact on the obtained respils

F+NO+M — FNO+ M,

k12 = 1.8 x 1031 cm® molecule?s71 (12)

F+NOz+M — FNO, + M,

ki3 < 6.3 x 10732 cm® molecule ?s1

13)
The knowledge of the absolute concentrations of HONO
allowed for the determination of the NQyield from the
reaction of F atom with HONO. The NOconcentration
formed as a function of [HONO] consumed in reaction (1)
is shown inFig. 7. The slope of the straight line gives
[NO2ltormed/[HONO]consumed= 1.03 + 0.06(+10), show-
ing that the branching ratio for channel (1a) is near unity.
Thus the major channel of F atom reaction with nitrous acid
is the most exothermic one.

The present study of reaction (1) is the first to be re-
ported, therefore the obtained results cannot be compared
with those from literature. Analysis of the existing kinetic
data for other reactions of HON{2] shows that, as a
rule, these reactions are slow at near ambient temperatures.
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Fig. 6. Dependence of the concentration of NO formed on the concentra- Fig. 7. Concentration of N©formed in reaction (1) as a function of

tion of HONO consumed in reaction (1) in the presence of oxygen atoms.

concentration of HONO consumed.
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Thus, only upper limits were determined &t = 298K References
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[14] and 1x 10~ cm® moleculets~1 [11], respectively.
The only known rapid reaction of HONO is the reaction
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rently recommended value of the rate constant i§: >4
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