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The reactions of BrN@and CINQ with bromide have been studied in a Knudsen-cell reactor in order to

better understand the elementary reactions of these potentially important tropospheric species in the presence

of solid sea-salt aerosol. BrN@fficiently reacts with bromide to produce molecular bromipe>( 0.3).
To better understand the fate of Bril@ the Knudsen-cell reactor, we have developed a BrN@Qurce
based on the reaction of molecular bromine with solid kN@/e have determined that the lifetime of BrflO

under our experimental conditions is on the order of 10 s and is limited by heterogeneous decomposition

reactions. The interaction of BrN@vith KBr, KCI, and KNO, was studied using the external Bri&burce.
CINO; can be converted to BrNOn the presence of solid bromide, characterized by an uptake probability

of y = 1.3 x 1074, in good agreement with results obtained for several substrate presentations such as salt
powder, grain, and single crystals. We compared these results with previous work and briefly discuss

atmospheric implications.

Introduction BrNO, + KBr — Br, + KNO, (3)

It has been well established that®§ can react with salt to The enthalpy of reactiom\H,%es = —16.2 kJ mot? of
produce volatile nitryl halides of the typeSNO, *™"inwhat  yeaction 3 has been estimated using the value for the heat of
appears to be a displacement reaction: formation of BINQ (71.1 + 7.5 kJ mole?) given by Wine

and co-worker$.
N,Os + NaCl— CINO, + NaNG, 1) In addition, we will report our results on the reaction of
CINO; with bromide. CINQ is not reactive toward chloride.
N,Os + KBr — BrNO, + KNO, ) Therefore the reaction with bromide is of interest not only

because of its atmospheric importance, but also because it

The presence of these compounds may have an importantrepresents a second pathway for BrNg&neration inside our
impact on the oxidizing potential of the Earth’s troposphere, as Knudsen-cell reactor:
they represent activated halogen compounds which may release
a halogen atom upon photolysis. Although bromide is a small CINO, + KBr — BrNO, + KClI 4)
fraction of sea salt ([CI]/ [Br 7] is approximately 600/1), there .
is growing evidence that catalytic reactions are responsible for Réaction 4 fAH g = 15.6 kJ mof!) may represent a
the importance of atmospheric bromine chemistry. Because of COmpetitive pathway to CINgphotolysis and may be efficient
the potential role of reactions 1 and 2 in the atmosphere, we at volatilizing bromine during the night. Moreover, hydrolysis
have investigated the fate of the product species Br@i of BrNO; accordln_g to reaction 5 may represent an additional
CINO; in the presence of salt surfaces using a low-pressure Source of HONO in the marine atmosphere.
Knudsen reactor which |§ pgrt of a flowmg gas expenment. BrNO, + H,0 — HONO + HOBr ®)

An important goal of this kinetic study is to characterize the
behavior of the key intermediate, BrNOunder our typical

experimental conditions in light of earlier work carried out on sourcewhich is essential for testing the various hypotheses

th'ft. relacrtlon s%/stem k']n ;;re_\rglours I_aborato?li f’r:u?'?ﬁ'ln Al concerning the reactivity of BrNOunder our experimental
particular, we have shown in previous work that the only  .q,qitions. The source is based upon reaction 6:
observed stable gas-phase product of reaction 2 under our

conditions is molecular bromine. This result is in disagreement Br, + KNO, — BrNO, + KBr (6)
with work performed in other laboratories, where direct evidence

for the presence of BrN£has been obtainét.We postulated Experimental Details

that BrING, is formed as a primary product, which however

remained undetectable under our experimental conditions due For this study, we used a Teflon-coated Knudsen reactor,
to its reactivity with bromide: recently described in detdit!! Briefly, the reactor is a two-

chamber reactor operated in the molecular flow regime (see
Table 1), which allows one to isolate the reactive surface and
* Author to whom correspondence should be addressed. . . .
* Current address: Jet Propulsion Laboratory, Chemical Kinetics and {0 perform reaction ON/reaction OFF experiments. Because
Photochemistry Group, 4800 Oak Grove Dr., Pasadena, CA 91109. of the low partial pressure on the order of £Gnbar or less,

For this study, we have developed afiernative BrNG,
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TABLE 1: Knudsen Cell Parameters Using the observation that the reaction yield of HCI with NaNO
cell parameter value |bs 90% to re_sul;[ in I;iOl\ijO, tr;'eolﬁlss of ‘t1h7e HCI MS signal may
volume ) 1830 orf e qua_ntltatlve y related to Qr(e ). _
estimated surface area (total) 1300Pcm In this work we have synthesized CIN@ccording to the
surface areais, sample) 19.6 cth procedure proposed by Gansl§e and co-wquiérBjn.efly, pure
number density range {11000)x 10°°cm 32 HCl gas is passed through a mixture of fuming nitric and sulfuric
surface collision frequencyZ(As) 38.7x (TIM)V2s71 acid, and the evolving gases are collected in a liquid nitrogen
esc:g:r{l?rteekzoc)”fta”t forthe1mm  0.02x (T/M)*2s™ cooled trap. The obtained product mixture is then twice distilled
escape rate constant for the 4 mm  0.22x (T/M)¥2s: to ellmlnate. molecular chlorine and nitric acid. The purity of
aperturé the synthesized CIN£has been checked by MS. No,Giwe
escape rate constant for the 8 mm  0.80x (T/M)¥2s71 70) and no HN@ (m/e 63) have been observed.
aperturé To differentiate between the various potential sinks of BsNO
esc;%g?t:’j?ée constant for the 9mm  1.03x (T/M)*2s™* in our reactor, both gas-phase and heterogeneous, it is necessary
escape rate constant for the 14 mm 177 x (T/M)¥2 st torely on a source of BrN©other than the in-situ reactlo_ns 2
aperturé and 4. In this work we developed a BriGource appropriate

for a low-pressure reactor, based on reaction 6. The design of
X . the source is schematically presented in Figure 1, where we
molecules,V is the reactor volume, and [M] the number density. show a second Knudsen cillpmounted u strgam to the reactor
b Calculated for a sample surface of 19.6%cfDetermined directly Y : P ! .
by experiment. and containing solid granular KNO Molecular bromine is
o o ) passed through the source reactor in order to produce BrNO
gas-wall collisions are favored over gagas collisions inthe i3 reaction 6. Two parameters are important for the source
Knudsen reactor, making it well-suited for the study of gesign: (1) The escape rate constant of the source Knudsen
het.erogeneous processes. The different kinetic parameters.q|| has to be as large as possibtes(s 1) in order to minimize
which are necessary in order to use a Knudsen cell may behe residence time of BrNgin the source reactor, and (2) the
determined using simple gas kinetic expressions and aregifice of the source reactor has to be as small as possible in
summarized in Table 2. The modulated effusive molecular qqer to avoid back-diffusion of BrNgrom the main reactor:
beam leaving the Knudsen cell is analyzed by a quadrupole masg . the volume of the source reactor has to be small compared
spectrometer (MS). The mass spectra of all observed com-iq that of the main reactor. The chosen source reactor geometry
pou_nds are _I|sted in '_I'able 3. In addition, the experiment was a5 5 cylinder of 6 cm height and 4 cm diameter with an escape
equipped with laser-induced fluorescence detectiom the orifice diameter of 8 mm. According to the equations presented
present work this technique was used to unambiguously detecty Taple 2, and using a value for the uptake coefficient for
NO; after excitation at 403 nm and broad band detection to the yg5ction 6 of 0.32 (see below), the source is able to convert
red of 500 nm using a photomultiplier protected by a cutoff g of the molecular bromine at a residence time for BsNO
filter. The signal acquisition was performed using a boxcar i the source reactor of less than 1 s. In addition to BsNO
integrator (delay @s, width 10 ns, average 30 pulses) resulting the major emitted gases were ,Band NG in a ratio of
in a detection limit of 1x 10° molecule/cr. approximately 1:10.
The gas-phase reactants are introduced into the Knudsen cell ' 14 (ke into consideration diffusiéhof the gas molecules

either through a glass capillary inlet or via a pulsed solenoid jnq the pylk of the salt under our experimental conditions we
valve allowing the introduction of millisecond pulses. Depend- paye ysed different types of surfaces: bulk salt powders, sieved
ent on the method of introducing the test gas, two different typesgrain substrates having grain diameters between 300 and 400

of experiments refe.rretlj to asteady-stateand pulsede/alug é4m, spray deposited surfaces, and single-crystal optical salt flats,
experiments are routinely performed. Steady-state experimentse g |atter without internal surface. Before each experiment,

are performed by introducing into the reactor a constant flow e fresh salt surface has been held under vacuum for several
of molecules. By analysis of the change of the MS signal levels s in order to desorb the adsorbed surface water. Occasion-
of the corresponding compounds upon opening and closing the,  the salt samples were heated under vacuum to 500 K to
sample chamber, a value for the net uptake coefficentay completely eliminate adsorbed water. Single-crystal optical flats
be calculated. Pulsed-valve, thus real-time, experiments havey 5 e been treated in two different ways, referred tpalshed
been performed by introducin_g a pulse of the test gas into _the and depolished Polished surfaces are prepared by gliding a
reactor. _A rt.afelrence pulse is introduced while the reactive gpaat of wet optical paper over the surface and then allowing it
surface is still |s_olated fro_m the reactor vo_Iume. .The rate dry. The salt flats are depolished by gentle rubbing using
constant for _eff“S'Ve Ioslsescl_s determined by _S|mple fitting Qf fine-grained sandpaper with careful subsequent elimination of
an exponennal decay functlop to the exp(_arlmental MS signal e powder generated at the surface. All salts are commercially
trace in the absence of reaction. Repeating the same proces§ qijable: Fluka NaCl p.a., KNOp.a., KBr p.a., NaN@

with the plunger lifted, thus with the sample exposed, a reactive \jicroselect, KCI MicroSelect. The various kinds of surface

pulse is obtained. The _observed si_ngle-expone_ntial decay in reparation have been described in detail in previous Wéftk.
the presence of a reactive surface is characterized by a nev\J3

rate constantkye, defined bykgec = Kreac + Keso

The gas densities were determined in mass flow calibrations.
The flow rate into the Knudsen reactor was measured by To study the reactivity of BrN@toward various salts we
recording the pressure change as a function of time in ahad to develop an appropriate Brhl@ource. As already
calibrated volume behind the capillary while monitoring the described in Experimental Details, the source is based on the
corresponding MS signal. The flow of molecules may then be reaction of B with KNO, (reaction 6). We begin this section
related to the concentration of the gas molecules in the reactor.with a presentation of our results of a study of reaction 6 because
The HONO calibration has been performed in situ by reacting these data provide the needed information on the BriN€ime
a known flow of HCI with solid NaNQ@ in the Knudsen cell. and reactivity characterizing our source.

a Calculated using the relatidfi= Vkes{M], where Fiis the flow of

Results
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TABLE 2: Relevant Equations

number equation note
1 Z1= (8RT/aM)%X(1/4V) Gas-wall collision frequency (molecufé cm™2). V is the volume of the reactor (&n
2 Kesc= Z1An Escape rate constant . A, is the escape orifice surface area tgm
3 ni = Kesc(S/SR — 1) First-order rate constant for the uptake{sS, and Sk refer to the MS signals measured
before and during reaction.
4 y = kunl (Z1As) Uptake coefficientAs refers to the geometrical area of the sample surface.
5 P = RTF/KescV Vapor pressure determined in the steady-state experiment described in the text.
TABLE 3: Mass Spectral Data 10l e 160
parent e e m/e 93
species peak fragment fragment fragment fragment 0.08 L w
BrNO;, 93,95(1) 46 (100) 30(80) 79,81 (10) = B Reaction ON o
CINO, 49(1) 46 (100) 30(50) 35(10) 5 0.06 o
Br, 160(100) 79, 81 (17) &
NO, 46(50) 30 (100) E 0.04 + - i
HONO 47(12) 30 (100) %% gg%;gé@
3 #h
alon mass with peak intensity in parentheses, given as percent of 0.02 T m ;
the most intense peak. The numbers in italics indicate the mass A
fragments which were used to monitor the species by MS. 0.00 "%i" i j ; i } !

20 30 40 50 60 70 80
Time (s)
Figure 2. Steady-state experiment on the reaction of BrKNO;
(reaction 6) performed using the 14 mm orifice with a Bow of 3.8

x 10" molecules s'. During this experiment we monitored the MS
signal atm/e 93 (BrN*) and atm/e 160 (Bi™).

To Pump

To Pump

Capillary inlet

> molecules s!] was allowed to react with KN® These
experiments showed a large uptake rate of([Betected atr/e

BrNO 160) and the appearance of new signalsna 30 (NO"), 46

— > (NOz1), and 93 and 95 (BrN), as shown in Figures 2 and 3.

Low-pressure reactor The product mass spectrum indicates the presence of BrNO

When the gas-phase residence time in the Knudsen reactor is
increased by reducing the exit-orifice diameter from 14 mm to

N 1 mm, the ratiom/e 30 to 46 increases (see Figure 3). This

suggests that secondary products are formed which have a strong

contribution atm/e 30 (NO"). Possible candidates are BrNO,

Br, input

N HONO, NQ,, and NO. BrNO and HONO both have strong
"~ parent-ion signals atVe 109, 111 and ain/e 47, respectively,
Figure 1. Schematic drawing of the external source of BEINOhe and thus can be unambiguously monitored by MS. In ancillary

source is a small Knudsen cell containing nitrite and mounted directly experiments on reaction 6, we investigated the formation of these
on the main reactor. Molecular bromine is introduced through a capillary possible secondary products which may contribute to mass 30
or a needle valve. (NO™). BrNO was not detectedr{e 109 and 111), but we did
TABLE 4: Results on Reaction Br, + KNO, observe sloyv HONQ productiomm(e 47),_ as shoyvn in Figure

4. We attribute this to the hydrolysis reaction of BrNO
(reaction 5).

powder steady-state 0.320.03 10 The yield of HONO is 10% with respect to Braken up on

substrate expt type uptake coeff no. of expts

ggg?lesrample psutlessggl\_/;l;tee 0'02:260):82 % samples that were dried under vacuum without heating.' Thus,
spray sample  pulsed-valve ®30.1 1 when we take into account reaction 6 under our experimental
av 0.32+ 0.05 conditions, only 10% of the BrNOundergoes hydrolysis.
HOBr, however, was not detected because it undergoes a fast
Br, + KNO32: A Source Reaction for BrNO,. Kinetics of reaction with KBr according to reaction 7:
Reaction 6. Reaction 6 has been measured to be fast with an
uptake coefficient ofy = 0.32 £+ 0.05. This value has been HOBr + KBr — Br, + KOH @)

found to be independent of reactant density and of sample
surface presentation (see Table 4). We therefore conclude thaReaction 7 has recently been studied in our laboratory and
reaction 6 is a first-order process. The independence of theshown to be fasty > 0.1), and molecular bromine was detected
results on the surface presentation is in agreement with theas a product® HONO disappeared from the product mass
model of surface diffusion proposed by Keyser and co-wotkers spectrum of reaction 6 when the salt sample was dried under
which does not predict any significant changes in the observedvacuum in the Knudsen reactor by heating it to 500 K using a
uptake coefficient for the case of large uptake rates. This casehigh-temperature sample support.
may be compared to the interaction of CION@th salt surfaces We concluded that the product mass spectrum of reaction 6
that has been studied previousfy. was consistent with the presence of large amounts of. NO
Product Analysis.Initial experiments were conducted using simplify the analysis of the N@yield, it was necessary to
the Knudsen-cell reactor in the steady-state configuration, in conduct experiments using LIF detection of NOThese LIF
which a constant flow of molecular bromine [£10) x 10 experiments were performed at an excitation wavelength of 403
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Figure 4. The steady-state experiment on the reaction gfBKNO,
(reaction 6) presented in this figure has been performed using a Br
flow of 4.5 x 10 molecules st and the 1 mm orifice. HONO and
Br, are detected atve 47 andnve 160, respectively, during the reaction.
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Figure 5. Typical signals obtained during a combined LIF/MS
experiment on the reaction of B KNO, (reaction 6). This experiment
was performed using the 4 mm orifice at & Bow rate of 5.3x 10"
molecules s*. The sample chamber was opened after 220 s and closed
after 250 s. The LIF signal is displayed here as a negative-going signal.
During this experiment we have measured a,N@lId of 0.89 per
molecular bromine taken up.

Figure 3. This figure displays two steady-state experiments on the
reaction of Bs + KNO; (reaction 6) performed using two different
orifice sizes and a molecular bromine flow rate of 4.2.0* molecules

TABLE 5: Results of LIF Experiments of the Reaction Br,
+ KNO,

s L. The residence time of BrNGOn the reactor is varied by about 2 = - :
orders of magnitude. Note thgfljariations in the ratio of t%e recorded orifice [MM] kesc[S™] tres[s] NOyield® mie4® me30
signals at masave 46 andnve 30 which decreases with decreasing 14 3.1 0.32 25t 10% 1 0.85+ 0.05
orifice size. 9 1.7 0.6 40+ 10% 1 0.85+ 0.05
8 1.33 0.8 50t 20% 1 0.85+ 0.05
nm, and an example is shown in Figure 5. The results are 4 0.33 3 90+20% 1 1.0+0.3
summarized in Table 5. The NGjeld with respect to the 23 %19 3-3 %ﬁé 582/" 1 1003
consumption of Br increases with increasing residence time 1 o.'é?% 33'1 210% 5002

and reaches 200% when using the smallest escape orifice
(residence time of approximately 25 s). To interpret these
results, we propose the following reaction mechanism:

aNO;, yield per Bg lost through reactior Normalized residual MS
signal after subtraction of the NQontribution. The values for the
two smallest orifices are not given because the residual is too small.

Br, + KNO, — BrNO, (ads)+ KBr (6) Hinshelwood mechanism displayed in reaction 8a.

BrNO, (ads)— 1/2 Br, + NO, ®) 2 Br(ads)— Br, (8a)

The observed mass spectrum for Bri@fter correction for
the presence of N9does not change significantly as a function

We note that reaction 8 may not correspond to an elementaryof residence time (see Table 5), in support of this mechanism.
reaction. The most probable mechanism involves a fast The radical product, Ng originates from the decomposition
heterogeneous recombination of atomic bromine yielding Br of BrNO,. As discussed below, this decomposition (reaction
(reaction 8a). We did not observe free bromine atoms under 8) takes place on some uncoated parts of the internal surfaces
the same conditions where we have observed Br in the gas phasef the reactor and has only a vanishingly small homogeneous
from the reaction of N@free radical with KBr26 Therefore, gas-phase contribution. This step is strongly favored because
we think that the recombination of Br follows a Langmuir the gas-wall interaction is predominant under the low-pressure

1/2 Br, + KNO, — KBr + NO,
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BrNQ,-Fractional yield

15
Residence time (s)

20

Figure 6. Display of the fractional yield of BrN@as a function of
the calculated gas-phase residence time of BriWOthe Knudsen
reactor. The solid line is a single-exponential fit.

conditions. According to the above scheme, reaction 8 produces

molecular bromine and N thus, for each mole of Br
consumed in the reaction with KNO1 mol of NG, and 0.5
mol of Br; are produced, resulting in a 200% yield of N@ith
respect to loss of Br

Lifetime of BrNO , in the Knudsen Cell. Detailed analysis
of the LIF experimental results on reaction 6 allows the
determination of the lifetime of BrN&in our reactor. At steady
state, the flow of BrN@ molecules from the reactor is given
by the consumption of the molecular bromine flow and by the
production of nitrogen dioxide, according to

F°(BrNO,) = [F'(Br,) — F°(Br,)] — 0.5F(NO,)  (E1)

where the superscripts 0 and i represent the outgoing and

Caloz et al.

MS intensities atr/e 30 and 46 have been determined in good
accuracy from experiments displayed in the first three entries
of Table 5. In ancillary experiments using the external BgNO
source, the complete MS spectrum has been determined to be
46 (100%), 30 (80%), 79 (10%), and 93, 95 (1%); here the
relative intensities are given in parentheses and are found to be
in agreement with the results presented above.

In conclusion, the uptake of Bon KNO; is fast and produces
BrNO, with a lifetime of 10 s in our reactor. Therefore the
reaction is suitable as a source of BrhlO

Reactivity of BrNO,. Once we had established an appropri-
ate BrNQ source, we studied its reactivity on various salts.
One disadvantage of this source is that an exact calibration of
the MS signal of BrNQ@is not available. Therefore the study
is limited to the measurement of uptake coefficients and the
identification of products.

BrNO, + NaNG;. To obtain information on the heteroge-
neous decomposition of BrNGn salt surfaces (reaction 8),
we performed uptake experiments of BrN@ NaNGQ. NaNG;
is a non-halogen-containing salt. Thus, we are able to dif-
ferentiate between the heterogeneous decomposition according
to reaction 8 and the reaction with salt according to reaction 3.
Steady-state experiments on the uptake of ByN® NaNQG
powder have been performed in which BrN®@as monitored
at m/e 95 using the external BrNOsource. We observed a
weak interaction of BrN@resulting in an uptake coefficient of
y =5 x 103 No changes of either Bror NO, have been
observed in the gas phase, indicating that the interaction is
nonreactive and that decomposition of BriN@oes not take
place on NaN@under the prevailing experimental conditions.
This result asserts that products observed during the uptake of
BrNO, on halogen-containing salt are due to the reaction of

incoming gas flows. The LIF signals, which correspond to a BrNO; on the alkali halide salt sample.

density measurement, have to be converted into equivalent flows

for eq E1, using the relatioR°(NO;) = [NO3]kes{NO2)V. In
Figure 6 we have plotted the fractional yieldof BrNO, against
residence time, whose variation was obtained by changing the
escape orifice:

F°(BINO,)

= (E2)

F'(Br,) — F°(Br,)

The solid line shown in the figure is an exponential fit that
corresponds to a BrNgGlifetime of 10 s within our Knudsen-
cell reactor. Additional experiments on the lifetime of BrNO
in our reactor have been performed using the external BrNO
source. A comparison of the MS signalsnae 95 (BrN*) at
different residence times resulted in the same lifetime as

BrNO, + KBr. We have shown in ref 1 that BrNQthe
primary product of reaction 2, remained undetectable under our
experimental conditions. The only observed stable gas-phase
products were molecular bromine and a small amount of HONO
which was attributed to a secondary reaction (reaction 5). To
explain these experimental results we postulated that BislO
highly reactive toward bromide (reaction 3). Using the external
BrNO, source presented above, we were able to test this
hypothesis. Steady-state experiments of the uptake of BrNO
on KBr powder substrates indeed obtained a fast rate of uptake
of BrNO, on KBr with an uptake coefficient of > 0.3. The
only detectable gas-phase product was molecular bromine, in
agreement with reaction 3. No NOormation has been
observed using sensitive LIF detection, indicating that the
reaction of BrNQ with bromide (reaction 3) is faster than its

determined above, supporting the heterogeneous decompositiofeterogeneous decomposition (reaction 8).

mechanism proposed above.

In Table 5 we present the residual MS signal after subtraction
of the NG, contribution for bothmve 46 andm/e 30, determined
from a calibration of the LIF signal for NO We point out
that this residual MS signal corresponds to the sum of all
possible reaction products except NOrhis spectrum remains
constant for different orifice sizes and therefore for different
residence times, which is evidence for the presence of only one
important product in the mixture, namely BrdOThe slight
increase in the relative signal e 30 at long residence times
might be due to an additional contribution to this mass peak by
HONO, but the uncertainties of the measurements and of the
subtraction procedure (large numbers leading to a small residual)
are large for long residence times. We conclude that the relative
MS intensities for BrNQ@ resulting in a ratio of 0.85 for the

BrNO, + KNO,. The assumption that two molecules of NO
are produced for each Bmolecule lost according to the sum
of reactions 6 and 8 is the basis for the lifetime analysis carried
out above. lItis therefore necessary to investigate the potential
NO, formation by the secondary reaction between BsN@d
nitrite (reaction 9), which results in the same net reaction and
relative yields of NQ per Br, lost as the net of reactions 6 and
8 in order to assert that BrNGn fact undergoes heterogeneous
decomposition (reaction 8) releasing NO

Br, + KNO, — BrNO, + KBr
BrNO, + KNO, — 2 NO, + KBr

(6)
(9)

Br, + 2 KNO,— 2 KBr + 2 NO,
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We have performed steady-state experiments on the uptakeTABLE 6: Results of LIF Experiments of the Reaction
of BrNO, on KNO, powder using the external BrNGource. CINO; + KNO; (Reaction 11)

Since B is always emitted from the source and readily reacts  orifice [mm] 7 (CINO,) [s] y (CINOy) NO; yield?
w_ith KNO_z according to reaction 6,_these experiments are 14 0.3 1.8 102 5%
difficult to interpret. In cases where higher,Broncentrations 8 0.7 1.7x 102 37%
were present in the reactor an increase in the MS signaleat 4 2.4 1.5x 1072 46%
93 has been observed, indicating formation of BeN©cording 1 26 5.4x 1073 194%

to reaction 6. At the same time, the formation of Nt&s also aNO, yield per CING lost through reaction.

been observed using LIF detection. However, at small levels

of Br, (F < 10 molecules/s) emitted from the BrNGource, TABLE 7: Br; and NO; Yields of Reactions 2 and 4

we observed a weak interaction of Brid@ith KNO, ac- reaction expt type Bryield? NO,yield?
companied by a decrease in the LIF signal of \Niddicating N2Os + KBr (2) steady-state 035005

a decrease in the rate of formation of N&tcording to reaction CINO,+ KBr (4)  steady-state 06+022 02401
8. Therefore, the uptake of BrN@n KNO; is nonreactive, CINO,+KBr(4)  pulsed-valve  0.5:0.2

similar to the uptake on NaNfDand no NQ is formed. We
conclude that reaction 9 is too slow under our experimental y,
conditions so that the observed @sults from the heteroge-

aDetermined per loss of reactant molecule (see té&®jven for
e 1 mm orifice.

neous decomposition shown in reaction 8. Reactivity of CINO,. N,Os reacts with chloride according
BrNO, + KCI. The interaction between BrN@nd KCI may to reaction 1, producing CINQwhich is stable with respect to
produce two different products: NaCl and therefore easily observable under our experimental
BrNO, + KCI — CINO, + KBr (10a) conditions! However, CINQ does react with bromide accord-
ing to reaction 4. This reaction may have implications for
BrNO, + KCI — BrCl + KNO, (10b) atmospheric chemistry and in addition represents a second option

for BrNO; production in the laboratory.

In steady-state experiments the initial uptake coefficient of  CINO, + KNO,. Steady-state experiments of the interaction
BrNO; on KCI powder substrates monitored by MSnale 95 of CINO, with KNO, powder substrates have been performed
was measured g8 = 5 x 1072 The BrNG rate of uptake  ysing MS detection atve 49 for CINO, and LIF detection for
decreased with exposure time. A second exposure on the sam@O,. An average initial uptake coefficient f= (1.7 + 0.2)
salt sample, again of a length of approximately 1 min, already x 10-2 has been measured. No HONO formatiowg47) has
reduced the uptake coefficient by a factor of 2. No chlorine- heen observed indicating the absence of HM@ich could have
containing gas-phase product was observed. The expectedteacted with KNQ and released HONO. We conclude that
prOdUCtS of reaction 10a and 10b do not interact with KC', an C|N()2 did not undergo hydr0|ysis under the present experi_
observation which has been verified in an ancillary experiment. mental conditions. The unique product detected in the gas phase
This result is in disagreement with the work of Frenzel €t al. \was NG. The yield of NQ with respect to CIN@ consumed
who observed the formation of CINGiuring the uptake of  has been measured at 200% at the longest Gheg§ldence time
BrNO; on chloride solutions. The only gas-phase product we ysed (26 s). At decreasing CIN®esidence times, the NO
were able to detect was molecular bromine followed by MS at yield gradually decreased. The experimental results are sum-
massm/e 160. No formation of HONO has been observed marized in Table 6 and reveal the occurrence of reaction 11:
which excluded the hydrolysis of BrNGreaction 5) followed
by reaction 7 as a sink for BrNO Since the BrN® source CINO, + KNO, — KCI + 2 NGO, (11)
does not allow one to establish a mass balance, it is unclear
whether molecular bromine is formed by decomposition of  CINO, + KBr: Product Analysis. The product analysis of
BrNO, according to reaction 8 or by fast reaction of either steady-state experiments showed Bs the only detectable
BrNO; or BrCI4 with impurities of bromide in the KCl sample  product of reaction 4 with MS intensities at'e 79, 81 and
(reaction 3). However, we have some indirect evidence for the 158, 160 and 162 in agreement with the, Brass spectrum.
occurrence of a secondary reaction: (i) BrN@oes not The mean Bryield per molecule of CIN@lost by uptake has
decompose on NaNfDand therefore efficient heterogeneous been determined to be 0.550.2 (see Table 7). An example
decomposition on the salt may be excluded; (ii) during the of a steady-state experiment performed to measure the yield of
uptake of BrNQ on KCI, no formation of NQ following the Br;, per loss of CINQ is shown in Figure 7. During reference
heterogeneous decomposition (reaction 8) has been observeéxperiments in which KBr was exposed to a flow of,Ban
using LIF. This suggests that BrNQeacts faster than it  interaction between Biand KBr was measured which possibly
heterogeneously decomposes on the KClI salt surface accordingnay explain a yield of Brless than unity?
to reaction 8; (iii) the KCI sample contains 0.05% bromide as  In real-time experiments we were able to detect MS signals
an impurity. Experiments on NaCl with a bromide content of atm/e 160, 79, and a weak contributionrate 93 and 95 (BrN)
0.005% resulted in an initial uptake coefficientyaf = 2.2 x as product signals, along with the time-dependent disappearance
1072, which is significantly smaller than the value obtained on of CINO, monitored atwe 46. We did not detect the fragment
the KCl sample. On the other hand, when the bromide content at m/e 97 corresponding to Br@ We were also able to rule
is increased to 2% the uptake of Bril@creases to a initial out BrCl as a product of the reaction of CIN@ith bromide
value ofy = 0.2. At the same time a higher yield of Bnas under our conditions. A typical pulsed-valve experiment is
been obtained. These facts, namely the correlation of both thedisplayed in Figure 8. Data analysis of pulsed-valve experi-
initial uptake coefficient and the Bryield with the bromide ments allow the determination of the uptake coefficient by fitting
content of the salt, the saturation behavior of the uptake, andthe reactant pulse to an exponential decay and extracting the
the absence of NOformation let us conclude that BrNGOs decay constant. The yield is evaluated by integrating the
reacting only with the bromide impurity of the salt and not with  calibrated product pulse at masge 160 and comparing this
chloride itself. value to the difference between the calibrated integrated



7476 J. Phys. Chem. A, Vol. 102, No. 38, 1998

— m/e 46

12x10°
o me 160

=
g
&b
7 ]
v Reaction ON i
2 4 i —- - %,,plﬂi
l .“”ﬂi'“"“"““-““n"“““-?f iﬂ
2~ ‘eewwe : %%% &
oLt b
[ | I [ I [
0 200 400 600 800 1000

Time (seconds)

Figure 7. Steady-state experiment on reaction of CIN® KBr
(reaction 4) using the 1 mm orifice and a continuous C}NIOw rate

of 2 x 10'* molecules 5. The sample (6 g of KBr powder) exposition
begins at 50 s and ends at 900 s. The delay in thesignal rise (50

s <t < 250 s) is due to the filling time of the Knudsen cell. During
the reaction, Brwas detected with a yield of 0.6 with respect to loss
of CINO,, as integrated between the dotted lines.
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Figure 8. Pulsed-valve experiment of CIN®@n KBr (5 g of powder)
performed using the 14 mm orifice. From this experiment we are able
to measure the uptake coefficient by directly fitting the reactive GINO
pulse to an exponential decay € 0.01). The Bs yield per loss of
CINGO; is determined to be 0.61 by comparing the integrals of the
reactant and product signals. Brhl@ detected at mass/e 93. The
solid lines are fits obtained using a two-parameter model (see text).
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and 4. This reaction scheme led to a decay of BsN@nitored

at m/e 93, which was faster than experimentally observed in
Figure 8. Therefore, we proposed a modification to the above
reaction mechanism. Two reasons may be at the origin of this
discrepancy: (1) BrN@may remain adsorbed on the surface
after its production, and its appearance in the gas phase is
therefore delayed. This corresponds to the following mecha-
nism:

CINO,(g) + KBr(s) — BrNO,(ads)+ KCI(s) (12)
BrNO,(ads)— BrNO,(g) (13)
BrNO,(ads)+ KBr(s) — Br,(g) + KNO(s) (24)

(2) The reactive uptake of CINOis a two-step process,
according to reactions 15 to (17):

CINO,(g) — CINO,(ads) (15)
CINO,(ads)+ KBr(s) — BrNO,(g) + KCI(s) (16)
BrNO,(g) + KBr(s) — Br,(g) + KNO(s) @an

We are not able to distinguish between the two proposed
mechanisms using the experimental results of the pulsed-valve
experiments. However, it seems unlikely that the CiNiptake

is a complex process, passing through an adsorbed state. The
molecule diffuses into the internal void of the grain samples
according to observation and theory (see below) which indicates
that the lifetime of CINQ(ads) must be small relative toklds

This hypothesis is supported by surface residence time experi-
ments of CINQ on KBr where no measurable residence time
has been observéfl. In addition, Koch et al® determined a
residence time of = 0.7 ms of CIONQ on NaCl which they
explain by the interaction of the positively polarized CI in
CIONGO;, with CI~ of the salt. Since bromine in BrNGOs also
positively polarized, the adsorption of BrN©n KBr resulting

in a long-lived surface complex before reaction 14 may be
possible. Therefore, the mechanism consisting of reactiors 12
14 is not only consistent with residence time measurertfents
but may also explain the less than 100% yield of &bserved

in the gas-phase (Table 7) and the nonreactive uptake of BrNO
on KCI (see above). Consequently, the solid lines presented in
Figure 8 have been obtained by using the mechanism involving
the adsorption of BrN@on the KBr powder corresponding to
reactions 1214. The rate-determining step in the mechanism
given by reactions 1214 is the desorption of BrN£)reaction

13) with a rate constank;s = 3.1 st corresponding to a
residence time on the salt of= 0.3 s.

nonreactive (sample absent) and reactive (sample present) Kinetics of the ReactionWe have investigated the reactivity

reactant pulses monitored at mage 46, corresponding to the
amount of CINQ lost per pulse.

We attribute the MS signal intensity at'e 93 and 95 to
BrNO,. The product spectrum of this system is therefore
consistent with the following mechanism:

CINO, + KBr — BINO, + KClI @)

BrNO, + KBr — Br, + KNO, 3)

In additional experiments we confirmed that reaction 3 is fast
and produces molecular bromine (see above).

In our first attempts to fit the pulsed-valve data for Figure 8,

of the CING/KBr system as a function of reactant density and
as a function of the surface presentation of the salt. We did
not detect any systematic variation of the initial uptake as a
function of the gas-phase density when the sample was presented
as a powder. The uptake coefficiept= (1.9+ 0.6) x 1072,
measured on powders remained constant over the density range
of 10'° to 10" molecules cmd. Pulsed-valve experiments
performed on powder surfaces also showed a similar uptake
coefficient ofy = (1.5 0.6) x 1072 The density indepen-
dence of the measured initial uptake coefficient on one type of
surface confirms that the process follows first-order kinetics.
To study the dependence of reaction 4 on the presentation of
the reactive surface, we have performed uptake experiments on

we used the simple two-step mechanism given by reactions 3various types of substrate (powder, grain, spray-deposited salt
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TABLE 8: Results Obtained for the Reaction of CINO, + detection. Indeed, NOwas observed, but the yield of NO
KBr as a Function of Surface Presentation per CING, consumed was small, not exceeding 20% for the
number of measured uptake corrected value longest residence times, as summarized in Table 7. The

type of surface  experiments  coefficient of y2 appearance of N&may be due to heterogeneous decomposition
spray 2 (1.0 0.5)x 1074 of BrNO, (reaction 8). In addition, in the fast secondary reaction
window-polished 1 (1.5-1.0)x 10°® of BrNO, with KBr (reaction 3), KNQ is formed, which may
W'”dc?w'de‘)o"ShEd 61 (11Q&t 8'2) x 1?21 1.0 10-4 react with CINQ according to reaction 11. The uptake
g?;;’n ?gSO”m) 19 ((1_'100)' X) 104 13x 104 coefficient of CING on KNO, powder was found to bg = 2

x 1072 (see above), thus of the same magnitude as the uptake
coefficient of CING on KBr powder. Therefore it seems
possible that at long residence times, when a sufficient amount
Number of Grain Layers of KNO; has been built up, CINDundergoes competitive
0 5 10 15 20 reactions with _KBr and KN_@ both leading to a certain amount
) ) | A of NO, according to reactions 8 and 11, respectively. On the
S ' ' ! basis of our experiments, we may not distinguish one reaction
‘1‘ 4mnl?1;102§fcize channel from another. We therefore state that the observed NO
8 mm-orifice may be due to both reactions, namely, hete_rogeneous decom-
position of BrNQ (reaction 8) and the reaction of CIN@n

1 mm-orifice . . . .
g4 KNO; (reaction 11) which has been formed in reaction 3.

a Corrections obtained by using the surface diffusion model described
in ref 1.
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10 +
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41 Pt We have presented results on the reactivity of CiNDd

BrNO; toward various solid alkali salts. The reactions presented

Joy above have been studied in other laboratories using different

gg@ A technique3®1” which have been applied at higher pressures
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5
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=
i
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} } f ; using agqueous solutions as a reactive surface.

10 15 20 25 George and co-workefs have shown that CINOreacts
Sample Mass (g) efficiently with halogen anions, notably witt;lalthough their

Figure 9. Results of monodisperse grain experiments (grain size 0.35 Study was carried out involving the solution phase, the observed

mm) using different orifice sizes. The dashed line is a fit obtained using reactivity is analogous to our observations for reaction 4.
the diffusion model proposed by Keyser and co-workessing the Frenzel and co-workers have studied the same reactions as

value for the true uptake coefficient of 1.3 10“. presented here on aqueous solutions using a wetted-wall flow
tube experiment. In general, our results agree well with the

surfaces, and polished and depolished single-crystal opticalfindings of Frenzel et al. in that Bunderwent a fast reaction
flats). These experiments, summarized in Table 8, showed awith KNO, to form BrNQ,, and CING reacted readily with
strong variation of the measured uptake coefficient as a function Br~ solutions to produce BrN© Hydrolysis of CING and
of the surface presentation. In light of these results, we BrNO, was found to be slow. In agreement with our study,
performed experiments using monodisperse grain samples ofBrCl was not observed as a product of reaction 10. During the
different mass in order to determine if the surface diffusion reaction of CINQ with KNO,, slow release of N@into the
model of Keyser and co-workeéfsis applicable to the present  gas phase has been observed.
case. Figure 9 displays the results obtained from these However, there are two main discrepancies between the
experiments. The dashed line is the best fit obtained using theresults of Frenzel et & and the ones presented in this work.
surface diffusion model corresponding ftgue = 1.3 x 1074 They report that BrN@has a lifetime that excesdl h under

We note that the predicted value for the true uptake coefficient their conditions® This is in apparent contradiction to our results
in the monodisperse grain experiments presented in Figure 9which show a lifetime of BrN@in our reactor on the order of
(ywue = 1.3 x 1074 is in excellent agreement with the value 10 s. The heterogeneous decomposition (reaction 8) is surpris-
measured on spray-deposited KBr samples andeapolished ingly rapid, which indicates that the process may take place on
optical KBr flats. Powders are substrates composed of a greatsome uncoated parts of the Teflon-coated walls of our low-
number of grain layers; for this type of sample the correction pressure reactor by virtue of its large surface area (Table 1). A
factor corresponds to the limit of a large number of layers and semiquantitative RRK calculation using the dissociation energy
fortunately, in this limit, the correction factor becomes inde- determined by Kreutter et al. indicates that at the temperature
pendent of the grain diameter. The diffusion model applied in and total pressures used in this study, the unimolecular
this manner predicts a value e which is in excellent  decomposition of the BrN©molecule should still be far in the
agreement with the results obtained on other KBr samples, falloff region, predicting a much longer lifetime with respect
namely,yre = 1.0 x 1074, as shown in Table 8. The uptake to only gas-phase decompositidnThis highlights a funda-
coefficient of reaction 4 measured @olishedKBr flats has mental limitation of the Knudsen-cell technique: when working
been determined to be 1 order of magnitude smaller than thewith compounds that are only marginally stable in the presence
true uptake coefficientyfue) determined for all the other  of surfaces, the loss to the walls may become a dominating effect
surfaces. We obtained a similar discrepancy for the case ofbecause of the efficiency of the gawall interaction.
N2Os interacting with salt which was presented in previous  Recent calculations by L&show the existence of three
work.! This discrepancy may perhaps be attributed to a changedifferent BrNG, isomers, trans-BrONO, cis-BrONO, and BrilO
in crystallinity of the surface. The most stable isomer, BrNOhas a calculated room-

We have also carried out steady-state experiments on thetemperature bond dissociation energy of 94.1 kJ mplehereas
interaction of CINQ with bromide using N@selective LIF cis-BrONO has a bond dissociation energy of 67.4 kJ mole

0
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TABLE 9: Summary of Reactions Studied in This Work

I’eaction Y AHrozgga AHrozggb
CINO; + KCI — Cl,; + KNO; no uptake 54.3 (50.1)
CINO; + KBr — BrCl + KNO, no uptake 26.0 (19.1)
BrNO; + KCI — CINO; + KBr (10a) no uptake 4.9 (7.6) —15.6 (-12.9)
BrNO; + KCl — BrCl + KNO; (10b) no uptake 30.9 (26.7) 10.4 (6.2)
CINO; + KBr — BrNO, + KCI (4) 1.3x 10 —4.9 (—7.6) 15.6 (12.9)
BrNO; + KBr — Br, + KNO; (3) >0.3 4.3(2.6) —16.2 (—23.1)
CINO; + KNO,— KCI + 2NO; (11) 3.0x 104 —13.1(8.9)
BrNO; + KNO, — KBr + 2NO; (9) no uptake —8.2 (—1.3) —28.7 (-21.8)
BrNO, — 0.5 Br, + NO, (8) -2.0 —22.5

a Standard heats of reaction in kJ/mol for salt in the pure crystalline state and in aqueous solution at infinite dilution (values in brackets), using
AH{(BrNO,) = 50.6 kJ/mol from ref 19 Same as footnota, using AH(BrNO,) = 71.1 kJ/mol from ref 8.

Therefore, one additional possibility to explain the difference kJ/mol which is hardly of significance. In addition, an
in the lifetime of BINQ measured in our and in Zetzsch’s uncertainty in the calculated value akH(BrNO,) may
laboratory may be due to the production of a different isomer invalidate the preference for the standard state of salts in their
as a primary product. Reactions 2, 4, and 6 may generate theaqueous solution.

less stable cis-BrONO as the initial product, which decomposes The difference in the reactivity of the two molecules, BINO
rapidly on our reactor walls, but isomerizes to BrN@nder and CINQ, may be rationalized by considering the difference
high-pressure conditions used by Frenzel ét #lowever, this in the oxidation state of the halogen atom, Br being in the
hypothesis seems unlikely because only Brikagments but oxidation state {1) whereas Cl is formally in the<1) state.

no BrO" fragments, the latter indicating the presence of BrONO, Experimental evidence from this study supporting this hypoth-
were observed in our product spectrum of reaction 6 not esis includes (1) the relative instability of BrN@ the presence
withstanding the fact that isomerization of an unstable form of of bromide, and (2) the observed hydrolysis products: GINO

BrNO, may be even faster on a solid substrate. is known to be the mixed anhydride of nitric and hydrochloric
A second difference between our results and the results ofacid?® whereas BrN@ hydrolyzes to HOBr and HONO.
Frenzel et al. is the reactivity of BrNQoward chloride® They HONO has been unambiguously observed in reaction 6 as well

found that reaction 4 is reversible in solution and that the as reaction 2. The fact that hydrolysis has not been observed
equilibrium between CIN@and BrNQ is established. Thisis in the reaction of BrN@with KCI (NaCl) (reaction 10) and on
in disagreement with our results where reaction between BrNO NaNGO; may be due to HONO yields below our detection limit.
and NacCl as well as on KCI has not been observed. The lackAs stated above, the hydrolysis of Brbll@ a slow process,
of reactivity is in agreement with the endothermicity of the only 10% of the BrNQ is undergoing hydrolysis on KNO
elementary reaction 10a when the calculated standard heat ofConsidering the hygroscopic nature of Ki@he hydrolysis
formation for BrNQ calculated by Le¥ is used (Table 9). of BrNO, may be faster on KN@® compared to NaCl and
However, Frenzel et al. conceded that the interconversion NaNGs.
reaction may not be a direct halogen exchange but may proceed Atmospheric Implications. Reactions 1 and 2 generate
via a complex reaction sequence involving Bnd BrCl. photolyzable halogen-containing species which will ultimately
In summary, we have studied the heterogeneous reactions oflead to the release of active halogen into the atmosphere. The
CINO, and BrNQ with KCI, KBr, and KNGO, and have found study shows that if CIN@is produced in the presence of
them to be in agreement with the standard heats of reactionbromide, it can be converted to BrNCeven if sea-salt aerosol
AH%qg as displayed in Table 9, as expected. Column three of exists in a solid, albeit humid state. During the day CIN®
Table 9 displays the thermochemistry using the calculated mainly removed by photolysis; the photolysis rate conskgnt
standard heat of formation of BrN& [AH{°(BrNO,)] whereas = 1.6 x 104 s1 21.22j5 several orders of magnitude higher
column four uses the value reported by Kreutter ét\ahich than the heterogeneous removal rate constant. However, at
probably addresses the species BrONO rather than B@O  night, heterogeneous reactions may represent an efficient sink
discussed by Frenzel et@&lOwing to our inability to observe  for CINO,. Any BrNO, that is released as a result of a
reaction 10a, we support the lower value AHO(BrNO,) heterogeneous reaction represents a source of photolyzable
calculated by Lee in agreement with the conclusions reachedbromine. The flux of photolyzable bromine from the sea-salt
by Frenzel et al. This is displayed in Table 9 where the lower aerosol may even be further enhanced if BeN®acts with
value of AH{%(BrNO,) leads to a positive heat of reaction as available bromide to form Br Atmospheric modeling studies
opposed to a negative one when the higher valueAfid’- are currently under way to assess the impact of these hetero-
(BrNOy) is used. The identical argument also applies to reaction geneous halogen sources on the tropospheric chemistry within
4 which is the inverse of reaction 10a and which has been the marine boundary layer.
observed to occur under our conditions. The values for the heats Because we carry out our experiments at very low total
of reaction depend somewhat on whether one uses the standarg@ressures, thus at low partial pressures of water vapor, it is
heats of formation for the salts in their pure crystalline state or necessary to comment on the role of humidity. In fact, because
as aqueous solutions at infinite dilution. We prefer at this point the kinetics of water exchange with salt substrates at low
the solution values because they make reaction 3 slightly pressures is inefficie® our substrates may retain significant
exothermic in relation to the values for the salts in their solid quantities of adsorbed water. Recent experiments performed
crystalline state. The solution values correspond more closely by Finlayson-Pitts and co-workers have shown that adsorbed
to the concept of the quasi-liquid state of the interface even water plays a critical role in relation to interfacial chemistry on
though one has to exercize caution as the liquid layer is certainly salt surfaced*25> These studies point toward the existence of a
highly concentrated. However, when one chooses to useso-called quasi-liquid layer of concentrated salt solution, and
standard heats of formation of concentrated aqueous saltthey suggest that the observed heterogeneous reactions take
solutions, the values foAH,%gg change by approximately 1  place on or within a thin film of solution even on nominally
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dry salt substrates. We have evidence that this layer is preserved (4) Laux, J. M.; Hemminger, J. C.; Finlayson-Pitts, BG&ophys. Res.
] o Lett. 1994 21, 1623.

for many days even under our low-pressure conditions. - For =55 S%5 F0 O S Lo L Zensch, @ Aerosol Sci1993 S24

example, when we heat a “dry” spray-deposited salt film in our gq15

Knudsen reactor to 700 K, the integrated water flux from the (6) George, Ch.; Ponche, J. L.; Mirabel, P.; Behnke, W.; Scheer, V.;

sample corresponds to tens of formal monolayers of surface-Zetzsch, CJ. Phys. Cheml994 98, 8780.

adsorbed wate®® We never observed any influence of the 199(77)103262%957 W.; George, Ch.; Scheer, V.; Zetzsch].@Geophys. Res.

amount of water adsorbed on the salt surface on our initial (8) Frenzel, A.; Scheer, V.; Sikorski, R.; George, Ch.: Behnke, W.;

uptake coefficients. However, we observed the effect of zetzsch, CJ. Phys. Chem. A998 102,1329.

adsorbed water on the product formation: BrN@hdergoes o g%)zgreutter, K. D.; Nicovich, J. M.; Wine, P. H. Phys. Chenl99],

hydrolysis or.] salt, forming HONO, and gpon drying the Salt‘. ’(10) F.enter, F. F.; Caloz, F.; Rossi, M.Rev. Sci. Instrum.1997, 68,

the HONO yield may be reduced. Thus it seems that water is 3130

not the limiting reagent and is abundantly available to form  (11) Caloz, F.; Fenter, F. F.; Tabor, K. D.; Rossi, MR&. Sci. Instrum.

localized regions of concentrated salt solutions upon or within 1997 68, 3172.

PO ; : (12) Ganske, J. A.; Berko, H. N.; Finlayson-Pitts, BJ.JGeophys. Res.
which interfacial reactions may take place. 1992 97 (D7), 7651.

Note Added in Proof. S. Fickert, F. Helleis, J. Adams, G. (13) Keyser, L. F.; Moore, S. B.; Leu, M.-T. Phys. Cheml991, 95,
K. Moortgat, and J. N. Crowlgy in thelr_paper “Rea<_:t|ve Uptal_<e (14) Caloz, F.. Fenter, F. .. Rossi, M. . Phys. Chem1996 100,
of CINO; on Aqueous Bromide Solutions”, submitted to this 7494,

Journal, reach similar conclusions resulting from the interaction  (15) Mochida, M.; Akimoto, H.; van den Bergh, H.; Rossi, MJJPhys.

; ; ; Chem 1998 102, 4819.
of CINO, with aqueous solutions of bromide. (16) Koch, T.; Rossi, M. JJ. Phys. Cheml998 submitted.
. 17) George, C.; Behnke, W.; Scheer, V.; Zetzsch, C.; Magi, L.; Ponche,
Ackn'owledgment. This W0r|§ was funded by acontract from ;. |(_ K,”rabeﬁ P.Geophys. Res. Lett995 22, 1505. 9
the Office Feleral de I'Education et de la Science (OFES) as (18) Scheffler, D.; Grothe, H.; Willner, H.; Frenzel, A.; Zetzsch, C.
part of the SALT project carried out in the framework of the Inorg. Chem.1997 36 (6), 335.

: ; (19) Lee, T. JJ. Phys. Chem1996 100, 19847.
EU Environment and Climate Program. We thank Professor H. (20) Hollemann A. F.; Wiberg, BH.ehrbuch der Anorganischen Chemie

van den Bergh for fruitful discussions as well as for his lively ge Gruyter: Berlin1985 p. 605.

interest and support. (21) Atkinson, R., et alJ. Phys. Chem. Ref. Dat992 21 (6).
(22) Finlayson-Pitts, B. J.; Pitts, J. Mtmospheric ChemistryJohn
Wiley & Sons: New York,1986
References and Notes (23) Caloz, F. Thesis No. 1628, Swiss Federal Institute of Technology
(1) Fenter, F. F.; Caloz, F.; Rossi, M. J. Phys. Chem1996 100, (EPFL), 1997.
1008. (24) Beichert, P.; Finlayson-Pitts, B.Jl.Phys. Cheml996 100, 15218.
(2) Livingston, F. E.; Finlayson-Pitts, B. Geophys. Res. Lett991 (25) Allen, H. C.; Laux, J. M.; Vogt, R.; Finlayson-Pitts, B. J.;
18, 17. Hemminger, J. CJ. Phys. Chem1996 100, 6371.
(3) Leu, M. T.; Timonen, R. S.; Keyser, L. F.; Yung, Y. 0. Phys. (26) Seisel, S.; Caloz, F.; Fenter, F. F.; van den Bergh, H.; Rossi, M. J.

Chem.1995 99, (9), 13203. Geophys. Res. Lett997 24 (22), 2757.



