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Abstract. The uptake kinetics of gaseous CION@nd These halogenated species can then have a significant im-
BrONO; on aqueous surfaces were measured, as a functiopact on the rate of destruction of tropospheric ozone or of hy-
of temperature and liquid composition (pure water and NaCldrocarbons. During these reactions XO type radicals (where
or NaBr containing solutions) using the droplet train tech- X is a halogen) are formed. These radicals may undergo
nique coupled to a mass spectrometer. The uptake kineticsome recycling reactions (through HOX) or be trapped in
are driven by the reactivity of these gases and, for both comfeservoir compounds such as XONO
pounds, the uptake rates on pure water or on NaCl solutions The formation of BrON@ and CIONQ is known to occur
(0.1 M) are comparable. The uptake coefficigrtf CIONO, in the atmosphere via the radical recombination reaction of
does not depend on the temperature while that of BroNO XO (where X=Br, Cl.) with NQ according to the following
increases slightly when the temperature is raised from 272eaction:
to 280K. For CIONGQ and BrONQ, the uptake rates in-
crease on NaBr-doped droplets, enabling the estimation oKO + NO2 —> XONO> (1)
the mass accommodation coefficient The corresponding
values fore are 0.108-0.033 for CIONQ and 0.0630.021
for BrONO, where the statistical errors correspondti?o .
The reactions of CION@and BrONQ on NacCl solutions
lead respectively to the formation of Cand BrCl. The up-
take of CIONQ on NaBr solutions generates BrCl as pri-
mary product, which in turn can react with NaBr to produce
Bry. As expected, the only product of BrON@eaction on
NaBr solution is Bs.

The potential fates of XON®in the marine boundary
layer include photolysis but also heterogeneous losses by de-
position at the ocean’s surface or reaction on sea-salt parti-
cles (including hydrolysis and reactive uptake driven by the
halides themselves).

While reaction (1) represents a sink for XO radicals, het-
erogeneous reactions of XON©OnN sea-salt particle (wet and
dry) may recycle these reservoir species into active halogen
containing gases such as HOBr, HOCI, BrClpGbr Bro.

The primary reactions may be schematically written as:

CIONO, + NaCl— Clo 4+ NaNGs (2)
1 Introduction

CIONO; + NaBr — BrCl + NaNGs 3)

During these last years, growing interest has been given to a

better understanding of the oxidation capacity of the marine These di-halogens compounds are only poorly soluble and
boundary layer. It has been recognised that heterogeneous rell first desorb into the gas phase before being rapidly pho-
actions taking place on or in sea-salt containing particles mayolysed to generate either Cl or Br atoms, therefore having
convert inert halogen reservoir species into photochemicallypotentially a strong impact on the oxidation capacity of the
active species leading after photolysis, to the formation ofmarine boundary layer. In fact, as the reaction rate constants
halogenated radicals which have been observed during fieldf Cl atoms with hydrocarbons are significantly larger than

campaigns (Sander et al., 2003). those with OH radical (Mellouki, 1998; Notario et al., 1998),
the increase of Cl concentration in the atmosphere may im-

Correspondence td?h. Mirabel ply enhanced oxidation rates for a number of tropospheric

(mirabel@illite.u-strasbg.fr) trace gases, including DMS (dimethylsulphide) and alkanes
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(Barrie et al., 1988; Crutzen, 1995; Finlayson-Pitts and Pitts2 Experimental Section
1986; Wagner and Platt, 1998).

2.1 Uptake experiments

The heterogeneous reactions of CION@ith solid NaCl o )

and KBr have already been studied in a fast flow reactor (Ti-1 "€ Uptake rate of a trace gas by a liquid is a multi-step pro-
monen et al., 1994) and a Knudsen cell (Aguzzi and RossiC€SS that can be related to fundamental properties of the in-
1999; Caloz et al., 1996; Gebel and Finlayson-Pitts, 2001£0Ming gas, interface and condensed phase such as the mass
Wingenter et al., 1996) and the primary reaction products ordccommodation coefficient, solubility and reactivity. The

NaCl were HOCI and Glwhile BrCl was observed on KBr. ~ fate atwhich a trace gas molecule may be transferred into the
condensed phase can be obtained from the kinetic theory of

The heterogeneous reactions of BroN@ith solid alkali gases. This_ allows the calculation of the net flbiy,, that
halides have also been investigated in a Teflon-coated Knud<rosses the interface:
sen flow reactor at ambient temperature (Aguzzi and Rossi, 1
1999). For solid NaCl substrates, BrCl,Band HCI were DPper = 2-¢-m (4)

observed as products while for KBr both-Band HBr were

detected. This illustrates the fact that the reaction mechanierhere<C>_ IS the tra_ce gas average thermal speethe up-
may not be as simple as a direct reaction of the halide ion or;ake coefficient (taking into account all processes potentially
BrONO, affecting the uptake rate) andthe number density of the

trace gas.

All these experiments were conducted over different solid  UPtake rates were measured using the droplet train tech-
substrates corresponding to powders (Timonen et al., 19941iqué already described elsewhere (Magi et al., 1997

Caloz et al., 1996; Gebel et al., 2001), spray deposited filmsSchweitzer et al., 1998). We will therefore provide only a
grains of various sizes and also single crystals (Caloz et al Prief summary of its principle of operation. The uptake co-

1996 ; Aguzzi and Rossi, 1999). Most of these experimentséﬁidem was determined by measuring the decrease of the

were also performed at low pressure (e.g. needed to achieyS Phase concentration of the trace species, due to their ex-

molecular transportin the Knudsen cell regime) which meand’0Sure to a monqdisp_ersed_t_rain of drop_lets. This Iattgr was
that the gas phase humidity was very low. Nevertheless,gener"’ltecj by a vibrating orifice (19 diameter) leading

even at such low pressures a certain amount of water is ad® droplet diameters of about 206n. The apparatus, where

sorbed on the salt surface and can only be (partially) pumped® contact between both phases takes place, is a vertically
off when heated above 100. Such treatment was used in aligned low pressure flowtube. lIts length can be varied up

the studies on solid substrates which were accordingly perl® 20¢m, in order to change the gas/liquid interaction time
formed on "dry” solids. (0—20 ms) or the surface exposed by the droplet train (0—

0.2 cn?). Since the uptake process is directly related to the
However in the marine boundary layer (MBL), the rela- total surfaces exposed by the droplets, any changs in

tive humidity is high, reaching often more than 90%. As the this surfa_lce results in a change of the trace gas P'e_m“y

deliquescence and efflorescence points of NaCl are 75% an@t the exit ports of the flowtube. The uptake coefficient was

43% respectively, a very large fraction of sea-salt aerosols i@lculated by considering the kinetic gas theory and the in-

wet. As the relative humidity is controlled by the temperature €9rateéd signal during the transit time due to changes in the

gradient, only under specifically cold situations or during a €XP0sed surface (Worsnop et al., 1989):

rapid up-lifting of an air mass, the humidity might get low AF, n

enough to dry locally the sea-salts. Therefore, one may ary= éAS n ( ) (%)

gue that a significant fraction of sea-salt aerosols in the MBL ==

is wet. However, the uptake kinetics of XON®@n liquid whereF, is the carrier gas volume flow rate,and (-An)

salt solutions has not been reported yet. are respectively the trace gas density at the inlet and out-

let port of the interaction chamber. The overall uptake co-

In this work, we report the first measurements of uptakeefficient y was derived from the measurement of the frac-

coefficients, using the droplet train technique, for CIGNO tional changes in concentration #i(n- An)) as a function of

and BrONQ on pure water droplets or on aqueous solutions<c>AS/4F,. This parameter can be measured as a func-

containing NaCl or NaBr (in order to mimic sea-salt parti- tion of the total pressure, gas/liquid contact time or com-

cles) over the temperatures range 273-285 K. Some reactioposition of the liquid used to produce the droplets. These

products have also been identified, suggesting some reactiomeasurements are necessary in order to decouple the over-

mechanisms. In the following sections, we present our ex-all process into individual steps (see results section). An

perimental methodology whereas in the subsequent sectiorimportant aspect of this technique is the careful control of

we present and discuss the results of the uptake rate measuriye partial pressure of water in the flowtube since it controls

ments. the surface temperature of the droplets through evaporative

n— An
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cooling (Worsnop et al., 1989). Therefore, the carrier gas Liquid Cl,O was obtained by condensing@n an excess
(helium) was always saturated, at a given temperature, withof yellow mercury oxide (HgO) and allowing the mixture to
water vapour before entering the flow tube. react at a temperature of 190K for 4 h.

The extraction of kinetic information from the droplettrain ~ Cl,O and NOs were then mixed at low temperature. This
technigue may be affected by the high speed of the dropletsnixture underwent several heating and cooling cycles from
which favours convective transport into the droplets. How- 190K (storage temperature) to 230K in order to accelerate
ever, several facts demonstrate that, given the accuracy dhe reaction. CION® appeared as a yellow green liquid
the experiments, this effect does not represent a significanwith Cly being the main impurity, which can be minimized
source of error. The time scale of the experiment was shorby freeze-pump-thaw cycles.

(typically less than 20 ms) which do not allow a massive in- ) ) )
fluence of convective transport. Using the description given2-3  Synthesis of bromine nitrate (BrOND
by Pruppacher and Klett (1978), some calculations have

shown that this influence on the uptake process is less thaﬁromi_ne nitrate was synthesize_zd by addin_g B CIONG, .
5% for times below 20 ms (George, 1993), in agreement with ollowing the proc_edure descnbe_d by Wilson and Christe
the results of Baboobal et al. (1981). (1987) and according to the reaction:

The gas stream coming out of the flowtube was analysedCIONO, + Br, —> BrONO, + BrCl @)

using a quadrupole mass spectrometer operated with an ion- ) . . )
isation energy of 60 eV, The signal was averaged over a secclONOz was mixed with By in a trap kept at 77 K. The mix-

ond in order to increase the signal to noise ratio. CIQNO ture was allowed to warm up slowly from 190 to 260K and
was monitored at 51 amu (C1Q, BrONG; at 95 and 97 amu ~ Was subsequently k_ept at the latter temperature for several
(BrO+), Clp, BrCl, Bry, by their parent ions (70, 116 and hours. Then, the m|>$ture was (_:ondensed in a cold trap at
160 amu respectively). In addition,® and an inert tracer 190 K. The observed impurities in BrONQvere BrCl, Cb
S Fg were monitored at 18 (07) amu and 89 ($F3) amu and unreacted QIONpand BQ. These impurities were re-
during the experiments in order to see any potential pertur/noved by pumping on the mixtures for 2-3h at 210K. The
bations in gas phase concentrations. All these masses wefgMaining fraction consisted of a yellow solid which was
chosen in order to minimize potential cross contributions toStored at 190K.
the signal which might result in incorrect interpretations.

As only Fhe relative degay of the gas pr_]a_se reactants hast® Results and discussion
be known in order to derive uptake coefficients, the MS data
listed below are given in arbitrary units. However, the linear As already mentioned, uptake coefficients are measured from
response of the detector was routinely verified. For halogenhe fractional changes in trace gas concentration due to a
containing compounds the masses were unambiguous marknodification in the exposed droplets surface (Eq. 5) which is
ers for the gas phase reactants and were associated with dgmction of diffusion rates in both phases, mass accommoda-
tection limits of the order of ¥ moleculecm®. The gas tion process and solubility and reactivity in the liquid phase.
phase concentrations were estimated to range frof th0  To each of these processes, one can attribute a specific “con-
10" molecule crm3. ductance or resistance” and the overall uptake coefficient is

The droplets were made from Milli-Q water (1&&m)  calculated by summing up the individual resistances (defined
and NacCl (Aldrich,>99%) or NaBr (Aldrich,>99%) when  as the inverse of the specific uptake coefficient) according to
necessary, leading to an initial droplet pH of about 6. Kolb et al. (1994):

2.2 Synthesis of chlorine nitrate (CIOND l L + E + 1

Y B Ydiff o Vsat + Vrxn

CIONO, was synthesized by reactingCl with an excess of <c>dep 1 1 <c> 2 -1
N2Os at low temperature, according to the following reaction = 8D, 274 4HRT/D, (Jﬁ + ﬁ) ®)
(Caloz, 1997):

whered, s, is the effective droplet diameter (which takes
Cl,0 + N2O5 —> 2CIONO; (6) into account the fact that a droplet train may not be con-

sidered as a sum of individual droplets; note however that

N2Os was prepared from the oxidation of N®y Os in its value is very close to the real diameter) (Worsnop et al.,
the gas phase after mixing of the flows containing each reac1989), H the Henry’s law constant® the perfect gas con-
tant. To prevent any hydrolysis and the formation of HNO stant, T the droplets temperaturd), and D, the gas and
both NGO, and & flows were dried by flowing the gases aqueous phase diffusion coefficientshe gas/liquid contact

through traps prior to mixing. After some reaction time, time andk the first order rate constant for a given reaction
N2Os was collected on a cold finger kept at low temperaturein the liquid phase. The term1/2 accounts for the distor-

where it condensed as a white powdery solid. tion of the Boltzmann collision rate and the terms denoted

www.atmos-chem-phys.org/acp/4/1291/ Atmos. Chem. Phys., 4, 1291-1299, 2004
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Table 1. Results and experimental conditions of CIONGptake  Table 2. Results and experimental conditions of BrONGptake
kinetics. kinetics.

Solution  T(K) P(Torr) 18xy(20) 1/y —1/yaif(20)

Solution  T(K) P(Tom) 18xy(20) 1/y —1/yaiff(20)

Water 2725 203 2:40.08 38.114
Water 2746 200 2.440.20 38.&34 2750 202 3.80.15 29.#1.7
2784  20.2 2.680.34 34.6:5.0 2775 207 3.60.16 23.%1.2
2850 193 2.380.23 38.44.3 279.7 216 3.20.12 21.4038
NaCl0.1M 2746 213 2.440.23 37.339 NaCl0.1M 2774 212 3.580.62 24.24.9
NaBr0.01M 2741  21.0 4.10.67 20.84.0 2796 217 4.080.24 20.&15
277 21.7 4.680.19 17.&0.9 NaBr0.01M 2729 184 3.250.20 27.61.9
280.8 203 4.76€0.11 17.%#0.5 NaBr0.05M 2725 1838 4.890.36 17.215
NaBr0.025M 2743 20-26  4.48.27 18.&1.4 2780 203 6.140.35 12.409
276.2 211 4.180.43 20.6:2.6 2804 203 6.220.28 12.@0.7
NaBr0.05M 274 20.0 5.560.60 14.22.0 NaBriM 2743 210 6.740.37 11.2:0.8
277 20.4 5.460.39 14213 2776 195 5.580.37 14.21.2
281 20.7 5.38:0.28 14.61.0 2804 191 6.160.34 12.30.9
NaBr0.1M 2749  20.0 5.780.48 14.&1.5
276.2 19.3 4.980.24 16.&1.0
279.9 18.9 5.680.08 14.6:0.3
NaBr0.5M 2744 220 6.560.15 11504

2765 226 6.630.11 11.6:0.3 the Fuchs_-Sutugin tregt_ment, one can ea_lsily s_how that, under
NaBriM 2746 206 7.301.06 10.3-4.0 our experimental conditions, Eq. (8) is still valid. In our case
(i.e. for pressures in the range 14—25 torr) the deviation from
the Fuchs-Sutugin formulation is less than 5% and for most
experiments even less then 3%. This conclusion is similar to
the one reached by Kolb et al. (1998). Therefore, we are con-
Ydiff ¥Ysar aNdyrxn cOrrespond to the incoming flux driven  fident that, under our experimental conditions, Eq. (8) can be
respectively by gas phase diffusion, saturation and diffusionadequately used in order to correct our raw data for poten-
in the liquid phase and existing chemical aqueous phase reagm| mass transport limitations (see Tables 1 and 2). Of more
tions. Equation (8) clearly shows that the uptake coefficientconcern is the (unknown) value of the diffusion coefficient,
is a function of different fundamental properties of the gaswhich may introduce severe uncertainties. Diffusion coeffi-
molecule such as its SO|Ubi|ity, diffusion, etc. One can notecijents have been estimated using methods presented by Reid
also that the treatment used to obtain Eq. (8) is very similaret al. (1977). Especially, the semi-empirical calculations by
to the one used for the calculation of deposition velocitiesFyller et al. (1969) was applied to estimate the binary dif-
on an ocean surface (Liss and Slater, 1974). The applicafusion coefficients of the trace gases in water and helium
tion of Eq. (8) was recently the subject of some discussionrespective|y i.e. D_p,0 and D,_pe. These diffusion coef-
(Kolb et al., 1998; Widmann and Davis, 1997), especially theficients are respectively 0.16 and 0.45%sn® for CIONO,
diffusion correction formulation which is based on the work and 0.15 and 0.44 chs~! for BrONO,. The employed esti-
of Schwartz (1986) who derived in a “simple but effective” mation method has an average absolute error of about 5% but
manner the background leading to Eq. (8). As already unshows deviation in excess to 20% (Reid et al., 1977) which
derlined by several authors, most of the expressions descriliill, under our experimental conditions, introduce an addi-
ing the kinetics of mass transport are subject to some crititjonal error of less than 15% in the measured mass accom-
cisms because of the assumptions made in their derivatiormodation coefficients.
Therefore, the expressions used to correct the measured up- | gl the experiments presented below, no saturation of the
take cqefﬁcients for gas phase diffusion limitations are °”|Ydroplet surface was observed i.e. the uptake is driven by the
approximate. chemical reaction within the aqueous phase in which both

The Fuchs-Sutugin equation (Fuchs and Sutugin, 1971CIONO, and BrONQ are involved.

is certainly the most widely employed equation for the
description of mass transport in the Knudsen regime i.e3.1 Uptake measurements of CIONO
in the transition region from the continuum to the free-
molecular regime. It is also valid for a wide range of experi- The uptake coefficient of CIONOwas measured on water
mental conditions. However, its derivation is less simple thanand on aqueous solutions containing NaCl and NaBr in the
the one made by Schwartz and therefore Schwartz’s formutemperature range 274-285 K. The uptake coefficients were
lation is often preferred (such as in the present work). Usingderived according to Eq. (5) as depicted in Fig. 1, where
the expression fop,; rs derived by Hanson et al. (1996) from the slope of the fitted line is directly related to the uptake

Atmos. Chem. Phys., 4, 1291-1299, 2004 www.atmos-chem-phys.org/acp/4/1291/
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Fig. 1. Typical plots of In@/n — An) versus<c>AS/4F, for Fig. 2. CIONO, uptake coefficient as a function of temperature.
CIONO, on a 0.05M NaBr solution at 277 K. The slopejisac- The error bars are given atlevel. (¢ water; A NaBr 0.01 M; A
cording to Eq. (5). NaBr 0.05 M;0 NaCl 0.1 M).

coefficienty. For the example given in Fig. 1, the slope is hydrolysis according to:
0.054+£0.004 and is temperature independent for all solutions
studied (Fig. 2). In all cases, the uptake rates were shown {§IONOz +H20 — HOCI+ HNO3 ©)

be independent of the contact time meaning that no satura- However, HOCI was not detected as a reaction product be-
tion of the droplets or more exactly of their surface occurredcgse it is too soluble and reactive. It has been proposed that

within our experimental conditions. CIONO, reacts with NaCl according to Aguzzi and Rossi
The measured uptake coefficient on pure water is of the or{1999) and Timonen et al. (1994):
der of 2<10~2 at all temperatures, and once corrected for dif- CIONO, + NaCl —> Cl, + NaNOs (10)

fusion limitations raises to aboutxd0-2. The temperature

range which can be used with the droplet train technique ideading to the production of €l However, we did not ob-
limited by several factors i.e. the properties of water and theserve any increase of the uptake rate on 0.1 M NaCl droplets.
practical design of the flowtube used during the experimentsWithin our experimental conditions, the same uptake rate
For the current experiments, the temperature was ranging bewvas observed on pure water and on NaCl-doped droplets. We
tween 274 and 285 K. This is a rather narrow range which ofobserved here glas a unique product. Similar observations
course prevents us from any definite conclusion about temhave already been made by Timonen et al. (1994) or Aguzzi
perature trends over a wider temperature range. Nevertheand Rossi (1999) on solid NaCl.

less, the absence (or the limited) temperature effects just il- Very recently, Gebel and Finlayson-Pitts (2001) studied
lustrates the point that the measured rate of loss of CIONO the uptake of CION@ on solid NaCl and synthetic sea-salt
driven by several physical and chemical processes that maysing a Knudsen cell reactor. They observed first large ini-
have different temperature trends. In fact, the solubility of tial uptake rates with uptake coefficient as large as 0.1 (con-
gases increases when the temperature decreases while thistent with the upper limit of our uptake coefficient, see
chemical reactivity decreases at the same time. Even ovebelow), followed by a smaller and declining uptake rate at
our narrow temperature range, both the Henry’s law constantonger reaction times. They concluded from their study that
and rate constant would vary sufficiently to show some tem-the initial uptake is driven by the water adsorbed on the solid
perature variations. This was not the case for our measured sample, even at the low pressure used in their Knudsen cell
values, which is probably an indication that the various pro-reactor, meaning that CIONQs primarily taken up by the
cesses are acting with the same intensity but with differentwater adsorbed on the salt surface, where it reacts. They also
temperature trends. Accordingly, for a gaseous specie fopbserved from the reaction products that HOCI is produced
which uptake is controlled by chemical reactions, it is not first (at very short reaction times) followed by some @ito-
surprising that the uptake appears to be temperature indeduction. These observations also strongly suggested a two-
pendent since it can be described by the prodiigtk. In step mechanism where CIONGs first hydrolysed leading
the particular case of CIONQ the chemical reaction is its to HOCI which is then converted into £l Although they

www.atmos-chem-phys.org/acp/4/1291/ Atmos. Chem. Phys., 4, 1291-1299, 2004
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30 _<C>deff 1+1+ <C > (11)
' ' ' ' ' ~ 8D, 2 o 4HRT./D,k
Equation (11) may also be written as:
1 1 1
i 1 <c> (12)

S
Y  Yaiff o AHRT./ D,k

After correction due to diffusion processes in the gas
phase, we were able to estimate the mass accommodation
coefficient from the intercept of plots of (¥-1/y4;sr) ver-
sus (NaBry /2 as depicted in Fig. 3. The estimated value at
274.5+1 K is «=(0.108:0.011) where the errors only reflect
statistical uncertainties 2, without any considerations of
systematic deviations. Systematic deviations may arise from

11y difs

0 2 4 6 8 10 12 uncertainties in diffusion coefficients (as discussed above,
within a 15% error limit), in the water vapour pressure (lead-
1I[NaBr]1/2 ing to uncertainties in the flowrates and temperature which

are known better than 5%). Altogether, we estimate our un-
Fig. 3. Plot of uptake coefficients for CIONfaccording to equa- ~ certainty to 20%. As we were not able to observe any tem-
tion 12. The intercept is the inverse of the mass accommodatiorperature trend in the explored range, we estimate that the
coefficienta. T=274.5£1K. The error bars are given at the 1  above value can be applied to a temperature range of 274—
level. 280 K. To our knowledge, this is first reported value for the

mass accommodation coefficient of CIONGh aqueous so-

) ) ] ] _lutions. As already underlined, the mass accommodation co-
have been working with solid substrates, their conclusionsafficient is directly related to the maximum mass flux that
on a two-step mechnism can easily be applied to our ownya pe transported across the airiwater interface and corre-
observations. It must however be underlined, that Caloz eg4nds therefore to the uptake rate that could hypothetically
al. (1996) did not observe any HOCI formation but @ 100% e gpserved at very short gas/liquid contact times. We can
yield of Cl, despite using also a Knudsen cell reactor. Thisherefore compare our value afto the initial uptake rates
difference may highlight the crucial role played by adsorbedreported by Gebel and Finlayson-Pitts on solid NaCl as they
water gnd by the corre_:sponding ionic enyironment offered tog¢ate that it is controlled by water on the surface. As men-
in-coming CIONQ which may affect the importance of the (joneq, they do report values larger than 0.1 which is in quite
hydrolysis. good agreement with the present determination of the mass

Contrarily to the uptake of CION£on NaCl, its uptake on  accommodation value of CIONGbn water. Other determi-
NaBr is dependant on the concentration of the salt (Fig. 3)nations on solid NaCl have also been conducted by Caloz et
The values ofy increases from 0.041 to 0.073 when NaBr 4| (1996) and by Aguzzi and Rossi (1999). The reported
concentrations increases from 0.01 to 1 M, suggesting a diyalyes, 0.23:0.06 and 0.1&0.05 respectively, are also in
rect reaction between CIONGnd bromide ions. fair agreement with our value. A larger dataset can be found

This increase in the uptake rate may highlight an addi-for the reactive uptake of CIONCon surfaces found under
tional reaction pathway in the case of bromide compared tostratospheric conditions. It is however difficult to compare
chloride. Accordingly, any increase in the gas phase losshose data with our results as the temperature but also the
rate of that compound can be attributed to a direct reactiorsubstrates are totally different. Nevertheless, large uptake
on CIONG. This increase which was not observed in the coefficient for the loss of CION©were also found.
case of chloride suggests that in bromide containing solu-
tions, CIONQ reacts directly with Br while with chloride 3.2 Uptake measurements of BrONO
containing solutions it first dissociates. The difference of re-
activity of CIONO, towards Ct and Br- can be explained The uptake of BrON@ by aqueous droplets was also stud-
by the stronger nucleophilic character of Bcompared to  ied as a function of temperature between 273 and 280K.
Cl~. From these observations, we conclude that saturatioffowever in this case and contrarily to what has been ob-
effects in the droplets were absent and that the uptake proserved with CIONQ, the uptake rate increased with tem-
cess was driven by the reactivity of CION@nd limited by ~ Perature, from 0.024 to 0.039 whéhincreased from 273
its diffusion in the gas phase. Accordingly, Eq. (8) simplifies t0 280K as shown in Fig. 4. This may just reflect different

to (Worsnop et al., 1989): temperature trends for Henry's law constant and reactivity of
CIONO, compared to BrON@and therefore different trends
1 1 1 1 for the products +/k. Basically, we would expect BrONO

14 B Ydiff (o4 Vrxn

to be more soluble than CIONQas this is generally the case
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Fig. 4. BrONO;, uptake coefficient as a function of temperature. Fig. 5. Plot of uptake coefficients for BrONfaccording to equa-

The error bars are given at the level. (e water; A NaBr 0.05 M;
v NaBr 1 M; 0 NaCl 0.1 M).

for brominated and chlorinated species{& more soluble
than Ch, BrNO; is more soluble than CINg etc.) (Sander,

tion 12. The intercept is the inverse of the mass accommodation
coefficiente. T=273t1 K. The error bars are given at the level.

suggesting again a direct reaction between BrQldad bro-
mide ions. From these observations, we conclude that the

1999). The uptake rates of both components being of the uptake process was limited by diffusion in the gas phase and
same order of magnitude, one can assume that the hydrolycontrolled by the reactivity of BrON®in the liquid phase.

sis of BrONQG has to proceed at a reduced rate, compared td3r2 was the only product observed, according to the follow-
CIONO,. But in both cases, the hydrolysis governs the up-ing reaction:

take rate in water and also Ckontaining droplets. There- BrONO, + NaBr —s Br, -+ NaNO
fore, the observed temperature dependencg oén be at- 2

tributed to a higher activation energy for the hydrolysis of  After correction due to slow diffusion process in the

BrONQO,. Such considerations may indeed explain the dif- gas phase, the mass accommodation coefficiemas es-

ference in temperature trends in the uptake coefficients fofimated from the intercept of plots of (241/yaifr) versus

BrONO; and CIONG. These observations show that the (NaBr)_l/Z as depicted in F|g 5. The estimated value is

temperature dependence is mainly governed by that of thg 063+0.009 at 273 K where again the errors only reflects

hydrolysis reaction which proceeds according to: statistical uncertainties €2 without any considerations of

(13) systematic deviations which can be again estimated to 20%.

To our knowledge, this is the first reported value for the mass

HOBr was not detected as a reaction product on pure waaccommodation coefficient of BrONCon water surfaces.

ter droplets (similarly to HOCI in CION® experiments), Concerning the accommodation step, the accommodation co-

because it is too soluble and reactive. The introduction oféfficient of BrONG is lower than CIONQ one as it was al-

NaCl in the droplets has no influence on the uptake coeffiready observed for HBr compared to HCI (where the same

cient (Fig. 4). It has also been proposed (Aguzzi and Rossitrend in solubility would apply).

1999) that BrONG reacts with NaCl according to: This increase in uptake rate is a clear indication that an ad-
ditional reaction pathway exists in the case of bromide com-
pared to chloride. No reaction in the aqueous phase does
not provide any pathway producing BrON@ the aqueous

E:?hase nor the involvement of an equilibrium. Accordingly,

any increase in the gas phase loss rate of that compounds can

be attributed to a direct reaction on BrOM®ighlighting a

sequential reaction pathway.

(15)

BrONO; + H,O — HOBr + NaNG3

BrONO; + NaCl —s BrCl + NaNOs (14)

This reaction leads to the production of BrCl. From our ex
periments on NaCl doped droplets, we saw indeed some Br
production. However, the uptake kinetics were not affected
by the presence of NaCl.

The uptake rate of BrON©was strongly affected by the
concentration of NaBr in the droplet (see Fig. 5). The val-
ues of the uptake coefficienis varied from 0.032 to 0.062
when the NaBr concentrations increased from 0.01 to 1 M,
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