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The reactive uptake of ClNO2 on pure water, NaBr, and mixed NaBr/NaCl solutions was studied using a
wetted wall flow tube equipped with a quadrupole mass spectrometer. The measured uptake coefficient,γexpt,
varied between approximately 1× 10-5 and 1× 10-4, depending on the aqueous salt concentration. Parameters
governing the reactive uptake on NaBr solutions were determined interdependently asH2D1kBr

II ) (0.101(
0.015) M cm2 atm-2 s-2. The accommodation coefficient,R, for ClNO2 on aqueous solutions at 275 K was
found to be (9( 4) × 10-3. The major gas-phase products of the uptake and reaction of ClNO2 and Br- were
found to be Br2 and BrNO2. BrNO2 is formed initially and is converted to Br2 in a secondary reaction with
Br- in the aqueous phase. BrCl is a minor product. The presence of 1M Cl- had no effect on either the
kinetics of uptake or the products formed. By exchanging the halide solutions for 0.1 M OH-, the uptake rate
could be increased so that the diffusion limit was reached in the reactor. Variation of the pressure yielded the
diffusion coefficients of ClNO2 in He and N2 as 275( 26 and 75( 6 Torr cm2 s-1, respectively. The
implications of these results for the halogen chemistry of the marine boundary layer are discussed.

1. Introduction

The presence of reactive halogen species in the marine
boundary layer (MBL) at mid-latitudes has been documented
by a number of recent field studies. Reactive (photolabile)
chlorine species such as HOCl and Cl2 have been detected in
polluted air advecting over the ocean,1 and the presence of Cl
atoms has been inferred from nonmethane-hydrocarbon (NMHC)
reactivity patterns in polluted air masses over the North Atlantic2

and in the remote central Pacific.3 The calculated concentration
of Cl atoms that are formed from reactive chlorine molecules
is often sufficient to contribute significantly to the oxidation of
many trace gases, especially NMHC. Sea-spray constitutes the
largest reservoir of chlorine in the atmosphere, but the mech-
anism by which it can be released from the aqueous aerosol
into the gas phase is not clear. Acid displacement, whereby
strong inorganic acids such as HNO3 or H2SO4 liberate chlorine
in the form of HCl, can result in a chloride deficit of up to
90% in polluted air masses.4 However, this does not explain
the presence of high concentrations of reactive chlorine, as the
HCl released is only slowly converted to Cl atoms via reaction
with OH:

Other mechanisms have been proposed that involve hetero-
geneous reactions of members of the NOX/NOy families with
sea-salt aerosol, in which photolabile chlorine containing species
are generated:5,6

The severe episodic depletion of ozone in the lower Arctic
troposphere is now known to be mediated by the presence of

reactive bromine compounds. Bromine atom concentrations of
up to 1× 107 cm-3 have been inferred from measured NMHC
depletion rates,7,8 and the BrO radical has been measured directly
at concentrations of up to 30 pptv.9-11 The source of reactive
bromine is a matter of topical debate though it has become clear
that heterogeneous processing by aerosol particles or on the ice
or snowpack is necessary to both release bromine and to
maintain high gas-phase concentrations.12-15

In the present study we evaluate a possible mechanism for
the release of both chlorine and bromine containing photolabile
compounds from sea-salt aerosol by investigating the uptake
and reaction of ClNO2. ClNO2 is formed at yields>90% by
reaction of N2O5 on aqueous chloride solutions6 as well as on
dry/humidified NaCl surfaces.5,16

2. Experimental Method

2.1. Flow Reactor.The uptake and reaction of ClNO2 on
Br-, Cl-, and OH- solutions was investigated using a wetted
wall flow tube combined with a differentially pumped quadru-
pole mass spectrometer. The flow tube (Figure 1) consists of a
vertically mounted Pyrex glass tube with a thermostated jacket
to control the temperature of the aqueous film flowing down
the inner wall of the reactor. The internal diameter of the tube
is 1.55 cm, the overall length is 35 cm. Aqueous solutions of
NaBr and NaCl are transported via a peristaltic pump into a
reservoir at the top of the tube, where the upper 10 cm section
is separated from the reaction zone by a ground glass piece
which is partially plugged by a glass cone with vertical grooves
that allow the solution to enter the reactor. This method allowed
the flow speed of the film to be regulated by varying the height
of the water column above the cone, as well as by exchanging
cones with grooves of different depths. A second peristaltic
pump was connected to the bottom of the tube to remove the
liquid from the reactor. To obtain a uniformly covered glass
surface, occasional cleaning of the tube with a mixture of
deionized water, 2-propanol, and potassium hydroxide followed
by thorough rinsing with deionized water was necessary.* Author to whom correspondence should be addressed.

OH + HCl f Cl + H2O (R1)

2NO2 + NaCl f NOCl + other products (R2)

N2O5 + NaCl f ClNO2 + other products (R3)
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Reactive trace gases, diluted in He, were introduced into the
flow tube via a stepper motor driven injector, the translation of
which enabled the contact time between trace gas and surface
to be varied. The major part of the humidified carrier gas flow
was supplied through a side arm of the reactor. Flow rates were
obtained by determining the pressure drop, dP/dt, in a calibrated
volume. The pressure inside the reactor was measured through
a 1/8 in. Teflon tube that led from a 100 Torr (1 Torr) 133.32
Pa) capacitance manometer to the bottom end of the injector.
The minimum pressure attainable in our experiments was limited
by the vapor pressure of the aqueous solution to ca. 10 Torr.
The maximum pressure was determined by the size of the
skimmer on the differential pumping system and was ca. 28
Torr for the present experiment.

The resulting molecular beam was modulated at 213 Hz, and
gas was analyzed with a quadrupole mass spectrometer (QMS),
equipped with an electron-impact ion source. For the conversion
of spectrometer signals to absolute concentrations, the QMS
was calibrated for all reactants and products involved. In
addition, a constant flow of a Kr-Xe mixture (ca. 1× 10-4

sccm) was added to supply internal standards with the carrier
gas in order that corrections for changes of sensitivity could be
made. ClNO2 signals were recorded at 49 amu (ClN+); the
characteristic peaks for products were at 93 and 95 amu for
BrNO2 (79BrN+ and81BrN+), 96 amu for HOBr, 116 amu for
BrCl, and 158 amu for Br2. The sensitivity of our measurements
was reduced by the fact that the nitryl halides were monitored
using BrN+ and ClN+sthe only specific fragments available
- instead of NO2

+, which was about 2 orders of magnitude
more abundant.

Liquid samples were analyzed by ion chromatography using
a Dionex AS 11 chromatographic column and a conductivity
detector. A 5 mM NaOH solution at 1 mL/min was used as
eluent under standard conditions.

2.2. Chemicals. All dry chemicals used in the present
experiments were analytical grade. Br2 (> 99.5%, Aldrich) and
Cl2 (> 99.8%, Linde) were used without further purification
and diluted to ca. 1 % in He (99.999%, Linde). BrCl was
prepared by mixing 3.8 Torr of Br2 with 3.8 Torr of Cl2, both
diluted in He. The equilibrium concentration of BrCl was
determined to an accuracy of( 5% by UV-absorption spec-
troscopy.17 ClNO2 was synthesized according to Volpe et al.18

by passing a slow stream of HCl (> 99.6%, Linde) and He
through a mixture of 100 mL of concentrated H2SO4 (95-97%,
Merck), 50 mL of fuming H2SO4 (ca. 20% free SO3, Aldrich),
and 30 mL of HNO3 (90%, Aldrich). During the reaction, the
mixture was cooled to 273 K. The pale yellow liquid obtained
was trapped in liquid nitrogen and transferred into a bubbler
where it was stored at 195 K. Gas-phase IR spectra were taken
to characterize the product and to check for contaminants.
Contributions of NO2 to the spectrumspresumably from
decomposition of ClNO2swere barely discernible, and we set
an upper limit of 1% impurity. The vapor pressure of ClNO2 at
195 K was measured to be 18 Torr, and its Cl2 content
(determined by QMS) was less than 5%. A flow of ClNO2 was
introduced into the reactor by flowing He through the bubbler
held at 195 K and at constant pressure.

2.3. Characterization of the Liquid Film. The salt solutions
covering the walls of the tube contained 10-4-10-2 M Br- and
in some experiments, 1 M Cl- also. The thickness of the liquid
film, d (cm), and its velocity,V (cm s-1), can be estimated using
eq 1:19

whereη is the viscosity of the liquid (1.89× 10-2 g cm-1 s-1

for seawater),V is the liquid flow rate (cm3 s-1), g is the
gravitational acceleration (981 cm s-2), D is the diameter of
the tube (1.55 cm), andF is the density of the liquid (1.0 g
cm-3). For a typical flow rate of 0.1 cm3 s-1, the film was≈100
µm thick. Its maximum velocity,Vmax, at the surface was
calculated with eq 2 to be about 3 cm s-1:

The Reynold’s number of the aqueous film was calculated, as
described by Utter et al.,20 to be 4; i.e., the flow is expected to
be laminar, with a smooth velocity gradient across the diameter
of the film. Visual inspection confirmed the absence of rippling.

2.4. Characterization of the Gas Flow.For the present
experiments, the flow tube reactor was operated in two different
regimes. Measurements of diffusion coefficients were performed
at flow rates of 200-500 cm3 STD min-1 (sccm) at carrier gas
velocities of 100-500 cm s-1, uptake and product studies at
ca. 50 cm s-1. Typical pressures ranged from 10 to 28 Torr in
both types of experiments. To minimize the influence of gas-
phase diffusion on the measured uptake rates, the halide
solutions were cooled to 274 K, where their vapor pressures
were 4.9( 0.2 Torr. For pure Br- solutions of concentrations
up to 10-2 M, the vapor pressures are not significantly affected
by the presence of salts.21 Evaporative cooling of the liquid film
was avoided by humidifying the main flow of He by passage
through a thermostated water bubbler before entering the reactor.

Figure 1. Schematic representation of the wetted wall flow tube
experiment. QMS) quadrupole mass spectrometer.

d ) 3x 3ηV
πgDF
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Because of condensation problems, no water was added to the
He flux transporting the trace gases through the injector. For
this reason, the ratio of Heinjector/Hemain was kept as low as
possible in all experiments, with a maximum of 30% of
nonhumidified carrier gas entering through the injector. Control
measurements with a thermocouple inside the reactor showed
no significant temperature gradient along the tube. Additionally,
for a given set of flow parameters, the water signal was
monitored at 20 amu (H218O+) while the injector was moved
upward. Even at high flow velocities, the water signal was
constant (( 3%) after the injector had passed the bottom 4 cm
of the reactive surface, i.e., equilibrium of the carrier gas with
the vapor pressure of the film was reached. The Reynold’s
number for a mixture of 5 Torr H2O with 15 Torr He was
calculated according to Utter et al.20 Depending on flow velocity,
it varied from 2.5 to 25, so that a laminar gas flow can be
assumed.

2.5. Measurement Procedure.By translating the injector,
the loss of ClNO2 and the formation of products at different
gas-liquid contact times was recorded. The pseudo first-order
rate coefficientkw was calculated from the variation of signal
with injector position according to eq 3:

where [ClNO2]z1,2 are the ClNO2 concentrations at injector
positions z1 and z2, ∆z represents the distance between the
positionsz1 andz2, andc is the gas flow velocity in the tube.
The ratio∆z/c thus defines the gas-liquid contact time. At a
gas flow velocity of 50 cm s-1 and low uptake rates, the plug
flow approximation fully applies.22 Therefore, further corrections
of kw for radial concentration gradients were not necessary and
the experimental uptake coefficientγexpt was obtained directly
from kw:23

wherer is the radius of the tube andω is the average molecular
velocity of the trace gas. The resultingγexpt is a representation
of the overall efficiency of gas-liquid collisions to remove
molecules from the gas phase.

3. Results and Discussion

3.1. Data Analysis.As discussed in detail by Davidovits et
al.,24 the overall uptake (γexpt) of gas molecules into a liquid
can be considered as a sequence of resistances, i.e., transport
to the interface (γdiff), mass accommodation (R), liquid-phase
reaction (γrxn), and/or solvation (γsol) of the trace gas:

where the mass accommodation coefficientR represents the
fraction of molecules that penetrate into the bulk of the liquid
upon striking the surface, i.e., the probability for a molecule to
cross the interface.

If experimental parameters are chosen such that one of these
terms becomes rate limiting for the uptake,γexpt can be
approximated by relatively simple analytic expressions. In the
case of diffusive limitation,γexpt ≈ γdiff applies and, corrected
for a cylindrical flow tube geometry, is given by eq 6:25

whereDg is the overall gas-phase diffusion coefficient at the
pressure of the experiment. The geometry-dependent factor 3.66
is valid when axial diffusion can be neglected, i.e., if the flow
velocity is much greater than the axial diffusion velocity. This
condition is true when the Peclet number26 (2rc/Dg) is greater
than approximately 10. Peclet numbers between 30 and 70 were
characteristic of the conditions used in section 3.2.

Similar terms can be derived for solubility or reaction limited
uptake processes:19,27

In these equations,H denotes the Henry’s law coefficient,R is
the gas constant,T is the temperature,t is the time for which
the liquid is in contact with the gas,Dl is the liquid-phase
diffusion coefficient, andkrxn the pseudo first-order rate coef-
ficient for a reaction of the gas with water or any other reactant
present in solution in excess concentration.

3.2. Diffusion Coefficient Measurements.If loss rates of a
trace gas to the liquid are high enough, i.e.,γexpt in the order of
(2-4) × 10-3 for ClNO2 in 10-20 Torr He as a carrier gas,
gas-phase diffusion becomes the limiting parameter in kinetic
measurements. By rearranging eqs 5 and 6, it can be shown
thatγexpt is inversely proportional to the pressure of the carrier
gas in this regime:

where DH2O
ClNO2 and DHe

ClNO2 are the pressure-independent diffu-
sion coefficient of ClNO2 in water and helium, respectively,
andp is the partial pressure of these gases. The overall diffusion
coefficientDtot (in cm2 s-1) is calculated as:

As uptake coefficients for ClNO2 in aqueous Br- solutions are
small, NaBr was replaced by 0.1 or 0.5 M KOH to increase the
uptake above the critical value for diffusion limitation. Figure
2 shows the resulting exponential ClNO2 decays at different
He pressures. The good linearity of the plots over a range of
pressures provides some confirmation that the uptake was
controlled by gas-phase diffusion. The slopes of the exponential
fits yield kw and thus defineγexpt (eq 4).kw was found to be
independent of either gas or liquid flow rates.

The pressures in this plot correspond to the average value of
p along the flow tube, the difference between top and bottom
of the reactor was typically around 0.2 Torr. In Figure 3, 1/γexpt

is plotted versus the carrier gas pressure for experiments in He
and N2. The pressure-independent diffusion coefficient of ClNO2

in these gases can be calculated from the slope of the fit to the
data as described by eq 9. Results are 275( 26 Torr cm2 s-1

for He and 75( 6 Torr cm2 s-1 for N2 (errors are 95%
confidence limits).

[ClNO2]z2
) [ClNO2]z1

exp(-kw
∆z
c ) (3)

γexpt )
2rkw

ω
(4)

1
γexpt

) 1
γdiff

+ 1
R

+ 1
γsol + γrxn

(5)

γdiff ≈ 3.66(2Dg)

ωr
(6)

γsol )
4HRT

ωxπ xD1

t
(7)

γrxn ) 4HRT
ω xD1∑krxn (8)

1
γexpt

) 1
R

+
ωrpH2O

7.32DH2O
ClNO2

+ ωr

7.32DHe
ClNO2

pHe (9)
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Dtot
ClNO2
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ClNO2

+
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ClNO2
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Also from eq 9, it is evident that they-axis intercept of the
fit contains information aboutR and DH2O

ClNO2. The relation
between both parameters is given by:

wherey0 denotes the intercept of the lines in Figure 3 with the
y-axis.

By making a reasonable estimation ofDH2O
ClNO2, eq 11 allows

R to be estimated. By analogy with the diffusion coefficients
of N2, CO2,28 and NO3

29 in helium and water vapor, we calculate
a value of 2.75( 0.25 for the ratioDHe/DH2O. Using our value
of ) 275( 26 Torr cm2 s-1, we calculate 100( 20 Torr cm2

s-1, and thereforeR ) (9 ( 4) × 10-3.
3.3. Uptake of ClNO2 on Br- Solutions. Both kinetic (γ)

and mechanistic information was obtained for the uptake of

ClNO2 onto solutions of different Br- content according to the
following reactions:

Figure 4 displays the decay of ClNO2 during uptake onto
solutions containing various Br- concentrations. Variation of
the initial ClNO2 concentration in the range 2-5 × 1014 cm-3

had no effect on the uptake rates. The exponential decay of
ClNO2 at contact times between 0.1 and 0.7 s on all solutions
used indicates that in this time period the experimentally
observed uptake is influenced neither by the loss of Br- in the
film nor by the solubility of the reactant. Therefore,γexpt is
described by:

wherekH2O
I is the rate coefficient for hydrolysis of ClNO2, and

kBr
II is the rate coefficient for the reaction with Br-. As

discussed previously, a lower limit ofR ) 5 × 10-3 can be
estimated. If we rewrite eq 12 without considering the influence
of R (eq 13), a maximum error of 2% for the singleγ-values is
introduced. Thus, to a good approximation:

When γexpt
2 is plotted vs the Br- concentration (Figure 5),

H2D1kBr
II can be calculated from the slope of the resulting line

as (0.101( 0.015) M cm2 atm-2 s-2. Its intercept with they-axis
definesH2D1kH2O

I as 5.8-5
+12 × 10-7 M2 cm2 atm-2 s-2.

In Table 1 we compare our results to very recently obtained
data for ClNO2 uptake onto Br- solutions. Frenzel et al.30 used
a high-pressure (760 Torr) wetted wall reactor at 2°C with
matrix-isolation-FTIR detection of ClNO2, whereas Schweizer
et al.31 used a wetted wall flow reactor at pressures similar to

Figure 2. Decay of ClNO2 during uptake onto an aqueous film
containing 0.1 M KOH. The carrier gas was He, typical initial ClNO2

concentrations were≈2 × 1014 cm-3. The slopes of the fits yield the
rate coefficientkw for the loss of ClNO2 to the liquid film.

Figure 3. γ-1 as a function of pressure of the He or N2 carrier gas for
diffusion-limited uptake. The flow velocity was varied between 1.5
and 5 m/s, and the vapor pressure of water was held constant at 4.9(
0.2 Torr. Pressure-independent diffusion coefficients for ClNO2 in He
and N2 were found to be 275( 26 and 75( 6 Torr cm2 s-1,
respectively.

DH2O
ClNO2 )

ωrpH2O

7.32(y0 - 1
R)

(11)

Figure 4. Decay of ClNO2 during uptake onto H2O and aqueous Br-

films. The initial ClNO2 concentration was≈2 × 1014 cm-3. The slopes
of the fits (to exponential part of decay only) yield directly the first-
order rate coefficientkw for the loss of ClNO2 to the liquid film.

ClNO2 + H2O f 2 H+ + NO3
- + Cl- (R4)

ClNO2 + Br- f products (R5)

1
γexpt

) 1
R

+ ω
4RT

1

HxD1(kH2O
I + kBr

II [Br-])
(12)

γexpt
2 ) (4RT

ω )2
H2D1(kH2O

I + kBr
II [Br-]) (13)
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the present experiments. The present data and those of Schweizer
et al. appear to be in reasonable agreement.

The nonexponential and rapid decay of ClNO2 at t < 0.1 s is
not due to incomplete mixing of the injector gas with the main
flow before sampling into the mass spectrometer as the two
flows are thoroughly mixed downstream of the wetted wall
region. Also, this effect was observed in experiments on pure
water and is therefore not caused by the evaporation of H2O
from the aqueous film just past the injector that might result in
a more concentrated Br- surface layer and more rapid uptake.
As discussed later, we observe no product formation during this
initial uptake period, which is probably due to nonreactive
uptake of ClNO2, i.e., solvation.

3.4. Product Studies.As shown by our uptake experiments,
the loss of ClNO2 in Br- solutions of atmospheric relevance
([Br-] g 10-4 M, [Cl] g 1 M) proceeds predominantly via
reaction with Br-, as hydrolysis is too slow to compete. As
discussed by Frenzel et al.32 the following reactions may be
considered to contribute to the loss of ClNO2:

BrCl and BrNO2 are expected to undergo subsequent reactions

with Br- to form Br2:

Both the decay of ClNO2 and the products of its reaction
with Br-, (Br2, BrNO2, and BrCl) were recorded. As the ClNO2

samples contained 1-3% Cl2 impurity, which results in BrCl
formation when taken up onto Br- solutions, additional Cl2

uptake experiments were carried out under otherwise identical
conditions in order to correct the BrCl profiles. To check for a
possible influence of the surface depletion of Br- at low ion
concentrations, the initial concentrations of ClNO2 were reduced
by 50%. This had no discernible effect on the product yields.

The mass spectrometer was calibrated for Cl2, Br2, and BrCl
by introducing a defined flux of these gases into the reactor,
and for ClNO2 by calculating its flow rate into the flow tube
from a pressure drop in a defined volume. For BrNO2, an
indirect calibration method was chosen, which required ion
chromatographic analysis of the liquid phase. Although a method
to synthesize BrNO2 has been developed32 accurate vapor
pressures are unavailable and so a well-defined flow rate of
nitryl bromide into the reactor could not be realized. Instead,
BrNO2 was produced in situ by reacting Br2 (ca. 1× 1013 cm-3)
on a liquid film containing 10-4 M NO2

- (R -8), as described
by Frenzel et al.30 Using ion chromatography to analyze the
liquid phase it could be shown that the loss of Br2 from the gas
phase results in an equivalent loss of NO2

- from the film when
the ratio of liquid flux/gas flux is taken into account. Thus,
BrNO2 was calibrated by equating the amount of NO2

- lost
from the liquid to the counts at 93 amu. As a possible source
of error, the reaction

has to be considered. If N2O4 was produced, it would be released
to the gas phase (H ) 1.4 M atm-1).33 Consequently, additional
NO2

+ fragments, not originating from the fragmentation of
BrNO2, would be formed and the ratio BrN+/NO2

+ in the MS
would change. To test for this, experiments were carried out in
which the ratio of BrNO2(g) to NO2

-(liq) was varied by 2 orders
of magnitude. The amount of NO2- lost from the liquid phase
varied between<5% and 40%. No change in the BrN+/NO2

+

signal ratio was observed, and we conclude that reaction 9 is
unimportant. To estimate the influence of physical solubility
of BrNO2 on the calibration, a numerical simulation34 of the
gas- and liquid-phase diffusion of all reactants, the phase
transfer, and the liquid-phase reactions was undertaken. The
simulation calculates concentration-time profiles for a static
system, i.e., the relative velocities of the gas and the liquid phase
are neglected. Results indicate that the amount of BrNO2

remaining in the liquid is less than 1% of the total BrNO2

produced, even with Henry’s law coefficients as high as 1 M
atm-1. Finally, the reaction of BrNO2 with Br- (R 8) does not
introduce an error to our calibration, as it reforms Br2 and thus
cancels in the overall balance.

Typical concentration-time profiles for the formation of
products following the uptake of ClNO2 on two solutions of
different Br- concentration are shown in Figure 6. The relative
concentrations of the Br2 and BrNO2 products are clearly shifted
toward Br2 as the Br- content of the solution is increased, and

Figure 5. Plot of γ2 vs Br- concentration for the uptake of ClNO2 on
pure Br- (filled symbols) and a mixed Br-/Cl- solution (1 M Cl-, open
symbol). From the slope of the fit (see eq 13) a value ofH2DlkBr )
(0.101( 0.015) M cm2 atm-2 s-2 could be obtained.

TABLE 1: Uptake Coefficients for ClNO 2 on Br- Solutionsa

Br- [M]
106 γ

(this work)
106 γ

(ref 30)b
106 γ

(ref 31)c

0 2.6( 1.8
1 × 10-4 11.2( 3.9 7.1( 1.9
5 × 10-4 12.5( 2.5
1 × 10-3 32.9( 5.0 14.6( 1.5 26.0( 7.9
4.2× 10-3 69.7( 5.6
5.0× 10-3 40.2-3

+16

1 × 10-2 108.6( 4.6 80.7( 7.8
1 × 10-1 400( 7
1 919( 78
1 × 10-3 + 1 M Cl- 35.6( 5.0

a This work: data obtained at helium pressures between 14 and 18
Torr and a temperature of 274 K. The mixed Br-/Cl- solution
corresponds approximately to the average composition of sea water,
errors are 2σ. b Ref 30: Data obtained at 760 Torr and 275 K.c Ref
31: Data obtained at 275 K and pressures of between 15 and 30 Torr.

ClNO2 + Br- f BrCl + NO2
- (R5a)

ClNO2 + Br- f BrNO2 + Cl- (R5b)

BrCl + Br- a Br2Cl- (R 6, R-6)

Br2Cl- a Br2 + Cl- (R 7, R-7)

BrNO2 + Br- a Br2 + NO2
- (R 8, R-8)

BrNO2 + NO2
- f Br- + N2O4 (R 9)

Reactive Uptake of ClNO2 on Aqueous Bromide Solutions J. Phys. Chem. A, Vol. 102, No. 52, 199810693



the total amount of gas-phase products increases substantially.
This is consistent with the results of Frenzel et al.30 who
observed rapid uptake of BrNO2 onto NaBr solutions and
formation of Br2. In Figure 7, the ratio of BrNO2 to the total
amount of brominated species formed (BrNO2 + Br2 + BrCl
) BrX) is plotted against [Br-]. At low [Br -], BrNO2 is the
dominant gas-phase product following uptake and reaction of
ClNO2. Although BrCl was detected, its concentration was
always more than 2 orders of magnitude lower than those of
the main products, Br2 and BrNO2. The total yields of gas-
phase products relative to the loss of ClNO2 from the gas phase
(Figure 8) enables the efficiency of ClNO2 to activate bromine
species to be estimated. The efficiency,∆BrX/∆ClNO2, deter-
mined from the slope of the data in Figure 8, was found to be
70( 18%, independent of the amount of Br- present in solution
within the range studied. Reduction of the absolute concentration
of ClNO2 from ≈5 × 1014 (Figure 8, filled symbols) to 2×
1014 cm-3 (Figure 8, open symbols) resulted in a proportional

decrease of the offset on the∆ClNO2 axis, while the slope of
the fit to the data remained unchanged. Thex-axis offset in both
data sets of Figure 8 is due to an enhanced (but nonreactive)
uptake of the reactant within the first few milliseconds of
interaction. As the size of the offset is proportional to the
absolute amount of ClNO2 present in the gas phase, this effect
is probably related to the physical solubility of the reactant.

Recently, mechanisms for the reaction of ClNO2 with
nucleophiles such as OH-, I- or Cl- have been discussed in
the literature.6,35,36BrNO2 may be produced either directly from
ClNO2 by nucleophilic substitution (R 5b) or via the dissociative
formation of a nitronium ion (R 10, R 11).

The dissociation (R 10) was shown to be reversible in studies
of the uptake of N2O5 on Cl- solutions.6 As the product yields
and distribution in our experiments on 10-3 M Br- solutions
were not affected by the addition of 1 M Cl- to the liquid
(Figure 8), we can draw a lower limit for the ratiok5b/k12 of
≈1 × 104.

Previous studies on the reaction of N2O5 on mixed Br-/Cl-

solutions6 have yielded values ofk11/k-10 < 103. Given this, a
reaction of NO2

+ with Cl- would be expected to perturb our
Br2 and BrNO2 product yields in experiments with 1M Cl- and
1 × 10-3 M Br- if formation of NO2

+ (R 10) were the first
step in the reaction of ClNO2 with the halide solutions. This
was not observed, and we conclude the direct formation of
BrNO2 (R 5b) takes place in our experiment. This conclusion
is also supported by the observation of much slower uptake of
ClNO2 onto H2O compared with 1× 10-3 M bromide solutions
(see Table 1).

Figure 6. Gas-phase products from the reaction of ClNO2 on 10-4 M
Br- solutions (open symbols) and 4.2× 10-3 M solutions (filled
symbols) versus time. The overall increase in product formation at high
concentrations reflects the enhanced uptake of ClNO2 under these
conditions. The initial ClNO2 concentration was in both cases 5× 1014

cm-3. Within error, the product distribution remained unaffected by
the addition of 1 M Cl- to the liquid film.

Figure 7. Partitioning of the brominated gas-phase products (BrNO2,
Br2) at different Br- concentrations, following correction for uptake
of Br2 and conversion to BrNO2 (see text for details).

Figure 8. Sum of BrNO2 and Br2 plotted vs the amount of ClNO2
lost on Br- and synthetic sea-salt solutions ([Br-] ) 10-3 M, [Cl-] )
1 M). An amount of 70( 18% of the ClNO2 taken up was released as
bromine-containing species, independent of Br- concentration. Filled
symbols, [ClNO2]0 ) 5 × 1014 cm-3; open symbols, [ClNO2]0 ) 2 ×
1014 cm-3.

ClNO2 + Br- f BrNO2 + Cl- (R 5b)

ClNO2 a Cl- + NO2
+ (R 10, R-10)

NO2
+ + Br- f BrNO2 (R 11)

ClNO2 + Cl- f products (R 12)
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As the sum of all BrX (X) Br, NO2) released to the gas
phase is constant, while the relative concentrations of BrNO2

and Br2 are shifted toward Br2 with increasing Br- content of
the solution, we can assume that BrNO2 is an intermediate
product which reacts further to form Br2:

If the ratio BrNO2/BrX is plotted vs the Br- concentration,
the intercept at [Br-] ) 0 should yield the fraction of BrNO2
that is unaffected by R 8. Figure 7 shows that initial formation
of BrNO2 is responsible for up to 100% (( 30%) of the total
BrX production in these experiments. To correct for the fact
that Br2 concentrations in the gas phase, as well as NO2

-

concentrations in the film increased with increasing contact time,
which may result in BrNO2 formation (R-8), the BrNO2/BrX
values were corrected by extrapolating the ratio BrNO2/BrX at
a given Br- concentration tot ) 0 s. That is, from the data in
Figure 6, the ratio [BrNO2]/([Br2]+ [BrNO2]) increases from
0.205 att ) 118 ms, to 0.25 att ) 578 ms for 4× 10-3 M Br-

solution. For [Br-] ) 10-4 M, these values were 0.696 at 118
ms, and 0.790 at 578 ms.

The results discussed above leave room for another mecha-
nism for Br2 formation. As we detect BrCl in amounts of (1-
5) × 1011 cm-3, reactions 6 and 7 have to be considered.
According to Wang et al.37 the fast equilibrium between
reactions 6,-6, 7, and-7 can lead to Br2 production rather
than the release of BrCl from Br- solutions. However, in
separate experiments on the uptake of HOBr onto Cl--containing
solutions we have observed high yields of BrCl (25% BrCl and
75% Br2) per HOBr taken up in the presence of 1× 10-4 M
Br-. We therefore conclude that a significant proportion of any
BrCl formed in the present experiments in reaction 5a would
be released from the liquid phase and detected. As only minor
(<1%) amounts of BrCl relative to BrNO2 and Br2 were
detected, we rule out an important role for BrCl formation in
the present experiments and conclude that reactions 5b and 8
are sufficient to explain the observed Br2 production. These
results are entirely consistent with conclusions drawn from
uptake measurements of ClNO2 and BrNO2 on dry bromide
salts.38 In addition, we note that Cl2 was not observed as a
product (upper limit of< 1% Br2/BrNO2 yield) when uptake
experiments on solutions of 1 M Cl- + 1 × 10-3 M Br- were
carried out.

Our proposed overall mechanism to the observed gas-phase
products is shown in Figure 9. We note that this scheme does
not fully describe the fate of ClNO2 in a Br- solution, as the
sum of all observed products amounts to a maximum of 88%
of the ClNO2 taken up.

To roughly estimate the fate of ClNO2 in the marine boundary
layer an analytical model of trace gas-aerosol interaction was
adopted.39 With a Br- concentration of 10-3 M and a liquid-
phase diffusion coefficient of ca. 10-5 cm2 s-1 in aerosol
droplets of radius 1× 10-4 cm, the uptake of ClNO2 is limited
by liquid-phase processes. That is, its rate of removal depends
on the Henry’s law coefficientH andkI, the first-order loss rate
coefficient,40 which were determined interdependently asH2k
≈ 10 M2 atm-2 s-2. With an assumed lower limit ofH of 0.1
M atm-1 and for a typical liquid water content in the aerosol of
7 × 10-11 (cm3/cm3), a lifetime of ClNO2 due to uptake of ca.
106 - 107 s (≈10-100 days) can be estimated. This value has
to be compared to an average photolytic lifetime of ca. 3× 103

s (<1 h) at a solar zenith angle of 45°.41 In conclusion, we find
that ClNO2, once released to the marine troposphere, can be
considered as a source of atomic Cl through photolysis at mid-

latitudes. Only during polar winter where the marine boundary
layer is in total darkness for several months prior to sunrise,
can heterogeneous processing of ClNO2 take place. The rate of
formation of gas-phase Br-containing species via heterogeneous
conversion of N2O5 to ClNO2 and the subsequent uptake of
ClNO2 and release of Br2 (and BrNO2) will probably be limited
by the availability of NOx in this environment.

3.5. Conclusions.The uptake coefficients of ClNO2 on Br-

solutions range fromγ ≈ 1 × 10-5 to 1 × 10-4 at Br-

concentrations of 10-4 - 10-2 M. The accommodation coef-
ficient at 274 K was determined as (9( 4) × 10-3. The
diffusion coefficients of ClNO2 were determined in both He
and N2 bath gases as 275( 26 Torr cm2 s-1 and 75( 6 Torr
cm2 s-1, respectively. By determiningγ as a function of Br-,
a value forH2D1kBr

II of 0.101( 0.015 M cm2 Torr-2 s-2 was
obtained. For the first time, the gas-phase products of the
reaction of ClNO2 with Br-, (BrCl, Br2, and BrNO2), were
recorded simultaneously and quantified, showing that ClNO2

taken up on sea-salt type liquids is converted to Br-containing
species at a significant percentage. The major gas-phase,
bromine-containing product following ClNO2 uptake onto
atmospheric sea-salt aerosol ([Br-] > 1 × 10-3 M) is Br2.
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