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Abstract. The uptake and reaction of HOBr with frozen salt Arctic boundary layer in springtime are discussed.
surfaces of variable NaCl / NaBr composition and temper-
ature were investigated with a coated wall flow tube reac-
tor coupled to a mass spectrometer for gas-phase analysis.
HOBr is efficiently taken up onto the frozen surfaces at tem- .
peratures between 253 and 233 K where it reacts to form thé‘ Introduction

di-halogens BrCl and Br which are subsequently released

into the gas-phase. The uptake coefficient for HOBr reacting™ield measurements have conclusively shown that the
with a frozen, mixed salt surface of similar composition to €pisodic, catalytic destruction of ozone in the polar tropo-
sea-spray was: 10~2. The relative concentration of BrCl Spheric boundary layer is strongly correlated with the pres-

and Bb released to the gas-phase was found to be strongl@nce of reactive bromine compounds (Barrie et al., 1988,
dependent on the ratio of Clto Br— in the solution prior to 1994; Barrie and Platt, 1997) Time resolved measurement of

freezing / drying. For a mixed salt surface of similar com- the concentrations of alkanes, alkenes and alkynes (Jobson et

position to sea-spray the major product at low conversion ofél-, 1994; Ramacher et al., 1997, 1999; Rudolph et al., 1999;

surface reactants (i.e. Band CI") was Bbp. Boudries and Bottenheim, 2000), detection of photo-labile
Variation of the pH of the NaCl / NaBr solution used to Promine compounds such as HOBr, BrCl anc Bimpey

prepare the frozen surfaces was found to have no significarfet &l 1997, 1999; Foster et al., 2001), the direct measure-
influence on the results. The observations are explained ifént of the Bro rad|c§1| in ground-based-expenments (Haus-
terms of initial formation of BrCl in a surface reaction of Mannand Platt, 1994; Miller et al., 1997; Tuckermann et al.,

HOBr with CI-, and conversion of BrCl to Brvia reac- 1997), and by satellite (Chance, 1998), measurement of ac-

tion of surface Br. Experiments on the uptake and reac- tive chlorine via chemical amplification (Perner et al., 1999)
tion of BrCl with frozen NaCl / NaBr solutions served to @nd isotopic studies of CO (®kmann et al., 1999) provide
confirm this hypothesis. The kinetics and products of thethe experimental evidence for the presence of reactive, gas-

interactions of BrCl, Bf and Cp with frozen salt surfaces phase bromine and chlorine species and indicate their central
were also investigated, and lower limits to the uptake co-fole in ozone destruction in several arctic locations (Oltmans,

efficients of > 0.034, > 0.025 and> 0.028 respectively, 1981; Barrie et al., 1988; Oltmans et al., 1989; Anlauf et al.,

were obtained. The uptake and reaction of HOBr on dry salt:994: Solberg et al., 1996; Lorenzen-Schmidt et al., 1998).
surfaces was also investigated and the results closely reseryleasurements in the Antarctic indicate that bromine catal-
ble those obtained for frozen surfaces. During the course/Sed 0zone loss can take place even in this relatively pristine
of this study the gas diffusion coefficients of HOBr in He €nvironment (Kreher etal., 1997; Wessel et al., 1998).

and HO were also measured as (2£3l) Torr cn? s~ and The chemical mechanism(s) by which high concentrations
(51 + 1) Torr cn? s™1, respectively, at 255K. The impli- of reactive bromine and chlorine compounds are sustained
cations of these results for modelling the chemistry of theare not yet completely characterised although an important
role for heterogeneous reactions of HOBr (Fan and Jacob,
Correspondence tal. N. Crowley 1992; McConnell et al., 1992; Mozurkewich, 1995; Tang and

(Crowley@mpch-mainz.mpg.de) McConnell, 1996) has been identified.
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Coated Pyrex Insert quadrupole mass spectrometer (Holmes et al., 2001). The

He / HOBr (Br,, BrCl, Cl,) Thermostated Fluid Insert-turner

(refractable ) flow tube set up consists of a horizontally mounted Pyrex
L S glass tube (length 300 mm, internal diameter 27.5 mm) with
Y - % a thermostatted jacket to regulate the temperature. The sur-
Movable Injector ]; faces of interest are coated onto the inner wall of a snug-
Pumps £ — fitting Pyrex insert{ = 210 mm,id = 25.5mm), located in
! TH o ams the centre of the flow tube. The experiments were conducted
e/

at total (flow tube) pressures of between 0.75 and 3 Torr He
Fig. 1 Schematic Diagram of the experimental set-up (1 Torr = 1.333 hPa), the temperature was varied between
QMS :.Quadrupole Mass Spectrometer 233 and 253 K. The bulk flow rate of He throu_gh the flow
' tube was between 400 and 1000, standard orn~1, re-
sulting in linear velocities of between 300 and 1500 crh.s
In a recent publication (Fickert et al., 1999) we were able Reactive trace gases, diluted in He, were introduced into the

efficient source of Br (and BrCl) if the solution pH was less varied. When appropriate, the main gas flow, which entered
than~ 6. The uptake coefficient (see below) for the interac- the flow-tube through a sidearm of the reactor, was humidi-
tion of HOBr with salt containing deliquescent aerosols hasfied to prevent evaporation of the frozen surface. Trace gases
been shown to be large (Abbatt and Waschewsky, 1998). Th¥/ere analysed with a quadrupole mass spectrometer (QMS),

initial step is thought to be an acid catalysed reaction betweeduipped with an electron-impact ion source (Fickert et al.,
HOBr and CI: 1998). HOBr, BrCl and Br were monitored at their parent

ions (n/z = 96, 116 and 158, respectively).

HOBr+ CI~ +H"™ = BrCl + H,0 (1)
Rapid, aqueous phase equilibria result in the conversion o?'z Surface preparation, chemicals
BrClto Brz, In order to prepare reproducible frozen surfaces the follow-
BrCl+Br~ +HT = Br, + HCI (2) ing methodology was adopted. The Pyrex insert was cleaned

. . using a dilute HF solution before thorough rinsing with dis-
and the relative concentration of Band BrCl released t0 tjjled water and the aqueous solution from which the frozen
the gas-phase is controlled by aqueous phase equilibrium resr gry surfaces were to be made. Following this, a few ml of
actions of BpCl~ (Wang et al., 1994; Fickert et al., 1999). the same solution was introduced between two Teflon con-
Only when the [Br]/[CI~] ratio was very low compared straining rings. By slowly turning the insert, a film of es-
to the composition of sea-water, was BrCl released in signifimated thicknesss 100um was evenly distributed on the
icant yield. _ _ o _ glass walls. The insert was then placed into the pre-cooled

In the present study we investigate the efficiency of di- fiow tube where a translucent, frozen film was formed within
halogen release from the interaction of HOBr with frozen salty few seconds. The insert could also be slowly turned dur-
experiments that examined the uptake and reaction of HOBghe pulk gas flows, at the correct humidity to maintain the
on “dry” surfaces and the uptake and reaction of molecularice film in equilibrium with gas-phase, were established.
di-halogens with frozen surfaces were also carried out to gainpgpection of the NaCl phase diagram (Koop et al., 2000)
insight into the parameters that control the rate and mechaghows that at temperatures below 251K (the temperature of
nism of the chemical interaction. Surprisingly, with few ex- the ice/liquid/NaCRH,O eutectic), only ice and NaCl di-
ceptions, the results from this work represent the first meahyrate co-exist. The presence of bromide ions at concentra-
surements of the kinetics and mechanisms of the reactiongons of 103 M is not expected to modify this significantly
of halogenated species on mixed Gl Br~ surfaces made  and, for the majority of our experiments, there is not expected
from aqueous solutions that were of similar composition 10y e an aqueous phase in equilibrium with the bulk material
atmospheric sea-spray /sea-water. of the substrate.

When dry films were required, the frozen film was exposed
to dry He as the temperature was allowed to increase slowly
to room temperature over a period«f30 min. In this way
2.1 Flow tube and mass spectrometer an even, unbroken, dry salt surface could be reproducibly ob-

tained. In the text we refer to these surfaces as “dry” although
The uptake and reaction of the halogen trace gases othe relative humidity was also varied in these experiments.
frozen and dry surfaces was investigated using a coated walHOBr was prepared by the reaction of Aghl@ith Brz in
flow tube (Fig. 1) combined with a differentially pumped solution as described previously (Fickert et al., 1999), and

2 Experimental
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H,0 Pressure Torr] where [C], , is the trace gas concentrations at injector posi-
tionsz; andzp, Az represents the distance between the po-
‘ 0;5 L ‘1 L 1;5 L ? L sitionsz; andz, andv is the gas flow velocity in the tube.

The ratio Az/v thus defines the gas-surface contact time.
The measured value @f, has to be corrected (to giveor)

to take into account radial concentration gradients caused
by efficient interaction of the trace gas at the wall (Brown,
1978). This required knowledge of the diffusion coefficients
of HOBr in both He and KO, which were determined sepa-
rately (see results). The uptake coefficigntwas then ob-

100

iy

50 tained directly fromk¢or (Howard, 1979):
2-r - keor .
[H,0] Varied upper x-axis y=—">_ (ii)
0 o [He] Varied lower x-axis wherer is the internal radius of the coated glass insert, and

‘ ‘ ‘ ‘ ‘ w is the mean molecular velocity of the trace gas, derived
0 > 10 15 20 from the Boltzmann equation. Note that using this method,
He pressure [Torr] we make the assumption that the geometric surface area of
the ice substrate is appropriate for calculating the uptake co-
Fig. 2. Plot of inverse uptake coefficient of HOBr vs. pressure of He €fficient, though there is still some controversy regarding this
or H,0, for dry salt and HCI doped Pyrex surfaces at 253 K. Diffu- (Hanson and Ravishankara, 1993; Keyser et al., 1993). Cor-
sion coefficients and accommodation coefficients may be extractedections based on pore diffusion calculations have only been
from the gradients and intercepts of these lines. (See Eq. iii in text)properly tested for ice surfaces that were formed by conden-
sation from the gas-phase, which are considerably rougher
than those formed from the relatively slow freezing of a lig-
was stored as an agueous solutiorrat-30°C. BrCl was  uid as practised here. We expect that our ice surfaces, which
prepared by allowing a Br/ Cl, mixture to come to equi- appear smooth and translucent to the eye, are significantly
librium in a blacked glass storage bulb, and its mixing ratio less porous that those grown by vapour deposition.
determined by absorption spectroscopy. The response of the
mass spectrometer was calibrated against known concentra-
tions of Br, Cl, and BrCl, and was determined over a range
of flow-tube pressures, gas-phase water concentrations a
instrument configurations. The mass spectrometer signals o

HOBr were converted to concentrations by assuming 100%yheriments to determine the diffusion coefficient of HOBr

yield of Br; in the reaction of HOBr with aqueous, acidified, ;, water vapourD,';'Og' were carried out using a salt sur-

bromide containing 50_'““0”5 (Fi.ckert et 3_"-' 1999). face doped with HC at 255 K. For this measurement, the He
The aqueous bromide / chloride solutions were preparedyas flow was accurately humidified, and the uptake of HOB,

from analysis grade NaCl and NaBr and de-ionised wa-|imited by its diffusion through both He and,®, was mon-

ter. For most experiments the solutions were 2 M NaCl anditgred. The diffusion coefficient of HOBr in HGDﬁSBr, was

3 x 10°3M NaBr. The CI to Br~ ratio (~660) is thus  also determined using the reaction with HCl on the surface of
the same as found in sea-water, and the concentrations simjhe glass insert. In these experiments, HCl was added to the
lar to those expected to be present in sea-spray (Sander amgljik gas flow, and was present at a concentration in excess of
Crutzen, 1996). The pH of un-buffered solutions was 5.5HOBr by more than a factor of 10.
unless this parameter was deliberately manipulated. In addi- For diffusion-limited uptake onto the surface of a reactor
tion, solutions of varied Cl to Br~ ratio, and also pure CI  wjth cylindrical geometry, the equation approximating the
and Br~ solutions were used. dependence of the uptake coefficient on the bath gas pres-
sure is given by: (Hanson et al., 1992)

Results and discussion

.1 Diffusion coefficients of HOBr in He and4®

2.3 Determination of uptake coefficients
1 1 w-r-Pyo w-r
> ot 732 Do T 732 D e (i)

In the present experiments, the pseudo first-order rate coeffiy’ ¢ /94" PH0 .94 UHe

cient for loss to the reactive surfakg was calculated from  This assumes that reaction at the surface is rapid and not rate

the variation of signal with injector position according to:  limiting. Doping the ice / glass surface with excess HCI en-
sures that this is the case (Abbatt, 1994).

Az Figure 2 (open circles) shows plots gfijdvs. He bath gas

[Cl:, = [Cl, - exp( = kw - T) () pressure for uptake onto a sea-salt substrate in the presence

www.atmos-chem-phys.org/acp/2/79/ Atmos. Chem. Phys., 2, 79-91, 2002



82 J. W. Adams et al.: Uptake and reaction of HOBr

(20). This result can be compared to the only previous exper-
A imental determination 0P 98" = (319+ 48) Torr cn? 571
MwMW‘W"WWWMW”WWMWWWM‘ at 274 K. Assuming &'17° dependence on temperature, this
‘\ Br, +4x10'em” | indicates a value of (28242) Torr cntstat255K,in good
| ) \k agreement with the present result. These values are in accord
[ \ with diffusion coefficient calculations based on average col-
! . lision diameters and Lennard-Jones potentials (Wachsmuth
| etal., 2002)
‘“’UUNWN\ HOBr WWWW I A separate set of experiments (filled circles) was per-
‘ formed in which the diffusion limited uptake of HOBr onto
‘ J frozen sea-salt surfaces and excess HCI in the presence of
‘\ ‘ various pressures of added water vapour was studied. Dur-
‘ " W A A " ’W BCl ing these experiments the He pressure was held constant at
0 w@%“ N wwmwwwm e MMNMMWA%MuwN 2 Torr. Each o_Iata point represents the_ average of a_t least th_ree
uptake experiments. The slope of this data set yields a dif-
0 1000 2000 3000 4000 fusion coefficient ofD,'joOBr (51 1) Torr cn? s~ where
time [s] the errors are precision only€2. This is the first direct de-
termination of this quantity. The data taken with the partially
154 humidified sea-salt surface (open circles) was analysed to ob-
B tain the y-axis intercept of the data. Once the contribution
from the diffusion of HOBr in water (see Eq. iii) was sub-
tracted, an estimate of the mass accommodation coefficient
for uptake of HOBr onto frozen, HCI doped, sea-salt surfaces
107 Www can be calculated. A value of~ 0.15 was obtained, which
bt

[}
wn

L

2
H
H

Concentration [ 0" cm'3]

Br, + 1x10" em”

e hpthbstipsmonenspieiod N o A it

—

is comparable to the literature value pf= 0.25, obtained

HOBr MMMMMW for the uptake of HOBr onto ice doped with HCI (Abbatt,
1994)

Concentration [10” cm 3]

3.2 HOBr uptake onto frozen salt surfaces: product forma-

\
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]
|
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BrCl The uptake and reaction of HOBr on frozen salt substrates
0.0 ”MWW ”“f"”“‘f”"‘f‘*"{”"‘“”f“&*wﬂ was examined at a variety of temperatures between 233 and

400 600 800 1000 253K, at various NaBr / NaCl concentration ratios and with
variation of the initial HOBr concentration and total pressure.
For each experiment a fresh substrate was used.

Figure 3a displays raw data obtained at 233K with an
initial (aqueous) composition of the salt of 2M NaCl and
10° molecules cm, exposure of the surface to HOBr begins at 3 % 10T3 M NaBr. After %Steady flow of HOBr at a con-
400s when the injector is retracted(b) [HOBIr]jnit = 8.5 x centration of 4 x 10° cm~® has been established 0 to

1010 molecules cm3, exposure of the surface to HOBr begins at ! = 400, constant mass spectrometer signal /at = 96)
550s. In both cases, the Btrace has been offset for clarity of the injector is withdrawn and the HOBr is exposed to a well
presentation. defined area of frozen substrate. At this point, the HOBr sig-

nal drops precipitously, indicating uptake onto the substrate,

and the molecular ion of Bris, within the time resolution of

the measurement, instantaneously observed. The uptake of
of excess HCI at 255K. Two experiments were performedHOBr and the release of Bproceeds at approximately the
at each pressure, though the excellent reproducibility makesame rate untit = 3400 s, during which the HOBr is seen
some data points difficult to see. During these experimentso be converted stoichiometrically to Br When the injec-
the water vapour pressure was held constant at ca. 0.8 Torfor is re-inserted at ~ 3400s, and contact between HOBr
The linear dependence of the inverse uptake coefficient orand the substrate is stopped the HOBr signal returns to its
the pressure of the He bath gas enabled the diffusion coefinitial value, and Bs production ceases. We note that al-
ficient to be extracted from the gradient (see Eq. iii above).though the result shown is representative of several data sets,
The diffusion coefficient at 255K was found to BglOB" = the exact shape of the HOBr uptake profile was somewhat
(2734 1) Torr cn? s~ 1, where the errors are precision only variable from one experiment to the next, though the size of

time [s]

Fig. 3. Uptake of HOBr and subsequent product formation, on
a frozen mixed salt surface at 233Ka) [HOBrljnit = 4 x
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the initial uptake coefficient (directly after the injector was 1.2
withdrawn) was reasonably constant. Despite efforts made to ]
generate surfaces in a reproducible manner, this effect prob- 1] A
ably reflects differences in surface characteristics such as the

[1

ation

0.4

Concentr.

time [s]

I
number of defect sites and porosity, which will influence the “a ] \“\ Br, + 5x10° cm”
availability of reactive sites on the surface. As shown, there =~ 087 { g J’\
is no evidence for significant production of BrCl in this ex- = ] btess IS o
periment. In a second experiment, at the same temperatures 0.6 W‘"‘W‘%VWW WM“MW‘“» M,M
(Fig. 3b), a fresh substrate was exposed to a significantly ] \ ohaflhd
higher concentration of HOBr (8 x 10'° cm=3). At this HOBr | y MW\WVWMM“ AT
concentration of HOBr the time dependence of its uptake ‘ MWM
is markedly different. Following an initially large uptake 1 } J
directly after the injector has been withdrawn-£ 5505) V/WVWWMWV BrCl
the concentration of HOBr increases rapidly until it almost ) WMMMW“WMWWWM
reaches its original level. At the same time;Bs initially e — —
formed at high yield, but decreases in concentration as the 0 500 1000 1500 2000
uptake of HOBr slows down. In this experiment BrCl is also
clearly formed, though there is a delayf50s before its
maximum Concemrat'on_ is reached. An examination of theFig. 4. Uptake of HOBr onto a frozen (233 K) mixed salt surfaces
HOBr, Br, and BrCl profiles at 606« # < 850's shows that  made from an aqueous solution of composition 2 M NaGi18~4
HOBr is being converted to Brand BrCl in roughly equal  NaBr. The B trace has been offset for clarity of presentation.
amounts.

The change in the HOBr uptake profile as the HOBr con-
centration is varied indicates that, at higher concentrations@!l experiments, irrespective of the initial HOBr concentra-
there is sufficient HOBr to modify the reactivity of the sur- tion. At low HOBr concentrations< 1 x 10'° cm3), the
face on the time scales of these experiments, i.e. reactivenly product observed was BrCl, the release of which was
sites on the surface are depleted as the reaction progressé®t instantaneous, but took 100s to reach a maximum
and both the uptake of HOBr and the formation of productsvalue. The yield of BrCI (per HOBr taken up) was constant
decrease with time. An important aspect of these results it 05 £ 0.1 after this maximum was passed, implying the
the switch in products from only Biat low HOBr to Bp and presence of non-reactive sites for HOBr uptake. At higher
BrCl as the concentration of HOBr is increased. initial concentrations of HOBr, BO was often formed on

In a further series of experiments, the dependence of théhe chloride ice surface, via the reaction.
HOBr uptake and the formation of Band BrCl products
was examined as a function of the initial ratio of Bio cI-  HOBr +HOBr = Brz0+H,0 3)
in the aqueous solution. NaCl was always kept at 2 M, whilstgr,0 was monitored at:/z = 176. The BsO formation was
NaBr was varied between 8 10-% and 3x 10° M. The  found to be dependent on the temperature of the flow tube,
data from an experiment with NaBr =38 10~* M carried  jith enhanced formation at low temperatures. By measuring
outat 233K is displayed in Fig. 4. When compared to the re-the relative HOBr and BIO signals at various temperatures it
sults of Fig. 3a, the decrease of the NaBr concentration fromjyas possible to set up simultaneous equations and determine
3x103t03x 10" Mis seen to have a profound impact on the sensitivity of the mass spectrometer te®rWhen high
the time dependence of the HOBr uptake and release of proctoncentrations of HOBr were present, the product (BrCl and
ucts, and also on the identity of the products. At the lowerpy,0) to reactant ratio was 1 initially, falling to 0.4 & 0.1
NaBr concentration o 3 x 10~* M the uptake of HOBris gt onger times. Figure 5b shows the uptake of HOBr onto
characterised by a rapid decreaseifrom its initial value  frozen bromide (initial concentration 8 10~3 M). In this
over a period ok~ 50s, followed by a phase in which the case instantaneously released ®as the only product, with
uptake decreases slowly over several hundred seconds. Afconstant yield of @ + 0.1 per HOBr taken up.
the same time, the Biformation curve is also “spiked” and The above observations of HOBr uptake, Bmnd BrCl
a significant amount of BrCl is formed, again with a delay formation, and the dependence of these on the initial HOBr
period before it is detected. The ratio of BrCl tooBormed  concentration or the ratio of NaBr to NaCl are used to derive
at short exposure times is clearly significantly higher thang qualitative description of the reactions taking place on the
in experiments with 3c 10~ M Br~. For comparison, the frozen substrate. In a first step we expect HOBT to react on
results from experiments in which HOBr was reacted with the surface with either Clor Br~ to form either BrCl or B:
pure NaCl and NaBr surfaces are shown in Fig. 5. Figure 5a
shows the uptake of HOBr onto frozen chloride (initial con- HOBr+Br— = Bra 4+ OH™ (4)
centration 2 M). The uptake was strongly time dependent inHOBr + CI~ = BrCl + OH™ (5)

www.atmos-chem-phys.org/acp/2/79/ Atmos. Chem. Phys., 2, 79-91, 2002
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500 < ¢ < 1500s seen in Fig. 4. This effect may be further
enhanced by occupation of reactive sites by BrCl. The same
mechanism also explains the formation of both BrCl ang Br
when high initial HOBr concentrations are employed. In this
case, the surface Bris rapidly depleted by the BrCl + Br
reaction (Fig. 3b, 550< ¢ < 600s), and further uptake of
HOBTr can result in BrCl formation and release. Independent
evidence for an efficient conversion of BrCl toBon frozen
NaCl/ NaBr substrates was gained in a separate set of exper-
iments that directly examined the uptake of BrCl (see below).
Until now the formation of Bs following reaction of
HOBr with mixed salt surfaces has been discussed largely
in terms of an indirect mechanism in via formation of BrCl
reaction. This is due to the greater concentration of Cl
compared to BT in the aqueous solutions used to generate
the frozen surfaces, which favours Reaction (5) over Reac-
tion (4). The rate of each reaction will however depend on
its rate coefficient and the surface concentration of the halide
ions. In the aqueous phase the reaction of HOBr with Br
is a factor of~ 3 larger than that for HOBr with Clwhich
alone cannot compensate the factor 660 in the relative con-
centration of Ct and Br~ in the bulk solutions. However,
during the freezing process, which presumably starts at the
surface of the cold glass insert and proceeds outwards to-
wards the gas-liquid interface, some separation of &nd
Cl~ will be caused by the higher solubility of Brcompared
to CI=. This will result in a frozen film that has a higher
surface Br / Cl~ ratio compared to bulk. Observations of
enhanced Br / CI~ concentration ratios at the surface have
been made on NaBr / NaCl crystals grown from aqueous so-
lutions (Zangmeister et al., 2001), and from a melt (Ghosal
et al., 2000). In the present experiments, although a surface
enhancement of the Brion concentration probably occurs,
we have no means to determine its extent, but note that even
a surface enhancement of a factor of 10 in the BICI~
ratio would increase the contribution of Reaction (5) to just
~ 5% if the relative aqueous phase rate coefficients for these

Fig. 5. Uptake of HOBr onto frozen salt surface@) 2 M NacCl,
T = 233K, (b) 3 x 10-3 M NaBr, 243K. The Bp trace has been
offset for clarity of presentation.

reactions are applicable.

The observations presented here appear to be completely
consistent with the known aqueous-phase equilibrium chem-
istry involved in the uptake and reaction of HOBr on del-
Due to its greater polarity, we expect BrCl to have a relativelyiquescent sea-salt aerosols or solutions (Wang et al., 1994,
long residence time on the surface compared tg Brus,  Fickertetal., 1999) and despite contrary indications from the
when sufficient BF is available on the surface for reaction, phase-diagram, itis tempting to suggest that the reactions are
BrCl will be converted to By before it can leave the surface taking place in aqueous medium. However, an important as-
to be detected as a gas-phase species. pect of the aqueous phase transformation of HOBr ingooBr

_ _ BrCl is the requirement of low pH (Abbatt and Waschewsky;,
BrCl+Br~ = Brz +Cl (6) 1998; Fickertqet al., 1999) as trr:e r(eactions are acid catall)ged
When the Br concentration is lowered, the rate of des- (Wang etal., 1994). We have shown (Fickert et al., 1999) that
orption of BrCl from the surface becomes comparable withthe release of molecular halogens from aqueous solutions is
the rate of its surface reaction with Brand some will be  suppressed at a pH of greater that, and have therefore car-
detected, with a delay period due to retention on the sur+ied out a series of experiments in which the NaBr / NaCl so-
face. When Br is low, BrCl may thus build up on the lutions were adjusted in pH between 4 and 10 prior to freez-
surface so that the increased flux through the back Readng. It was found that the variation of pH had no influence
tion (5) results in the net decrease in HOBr uptake betweeron identity of the products or their yields per HOBr taken

Atmos. Chem. Phys., 2, 79-91, 2002 www.atmos-chem-phys.org/acp/2/79/
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up to the surface. As the amount 9f liquid-phase available alraple 1. Summary of kinetic and product data obtained for HOBr
the surface of a frozen sample will depend on the temperaypiake onto frozen salt surfaces

ture, we also carried out experiments at various temperatures

between 233 :?md 253 K. Again, no significant chapgg in 'Fhe [C-]/M [Br-]/M T  MajorProducts pn p
uptake coefficient, time dependence or product distribution K
(i.e. the Bp to BrCl ratio) was observed over this tempera- 3
ture range. Even in those experiments where the temperature? 3x107° 248 Bp 0.026+0.006 10
was above the eutectic for NaCl (i.e. at 253 K) there was no 2 3x107% 233 Bp 0.032+0.009 16
obvious change jn e?ther the kinetics of the uptake process or 3x103 253 Bp 0012+ 0.005 2
the product distribution. ) 3x10°3 243 By 00174009 6
3.3 Uptake of HOBFr to frozen surfaces: surface capacity 0 233 BrCl 0043+0.008 3
0 248  BrCl 0016+ 0.007 2
Even at hlgh I_—iOBr our .exp.enments dlld no.t reveal com- 01 248 Bp - 001 1
plete deactivation (i.e. titration of reactive sites). Despite 3
3x 10 248 Bnp 0.036 1

this, some indication of the capacity of the surface to remove
HOBr can be derived from the data in, e.g. Figs. 3 and 4.

In Fig. 4, (NaCl = 2M, NaBr = 3x 10~*M), during the ex-
g ( ) 9 *Product formed at short exposure times. The evolution of the

~ _ i 6
posure phaser (~ 450 — 15005) approximately k 10! . _product distribution as a function of reaction time is described in
HOBr have been lost from the gas-phase due to contact Wltlﬁ1e text.n = number of experiments

~ 80 cnt of the frozen surface, yielding a lower limit to the
capacity of the frozen surface to remove HOBr ofi0'* per
cr?. In contrast, in Fig. 3a (NaCl = 2M, NaBr =8 103
M) ~ 5 x 104 HOBr are taken up per c¢tr(and converted
to Brp) with no significant change in the rate of reaction over
the exposure period. Again, this is different to the result in
Fig. 3b in which much higher fluxes of HOBr to the same to make meaningful comparison of uptake coefficients from
surface result in a deactivation of the surface after just 50 slifferent data sets, the uptake coefficient shortly after expo-
in which ~ 1.5 x 10'* HOBr were taken up. This indicates sure,yinit, is reported. The initial uptake coefficients listed
that the capacity of the surface to support reaction can dehave been corrected for radial concentrations gradients as de-
pend on the rate of reactivation, perhaps due to surface rescribed in the experimental section. Only those data where
organisation. Note that reactivation of the surfaces, whichthe criterionkcor < 4konsis fulfilled are reported/displayed as
are quite dynamic at these temperatures, has previously beetbsolute values, otherwise a lower limitjg;; is presented.
documented by Holmes et al. (2001) in studies of HOI andOne set of experiments was carried out to examine the effect
IONO, uptake. of temperature on the initial uptake coefficient of HOBr to
Those experiments in which the pH of the aqueous solu-a mixed salt surface, whereby uptake coefficients were ob-
tion used to generate the frozen substrate was varied shotained at temperatures of 233, 243, 248 and 253 K, with the
that the capacity of the surface of convert HOBr to BrCl or 2 M CI~ / 3 x 10~2 M Br~ surfaces. The results are pre-
Br, was not influenced by this parameter. Indeed, at a pH ofsented in Table 1, and plotted in Fig. 6 (solid circles). The
10, the amount of HOBr taken up to the frozen surface anddata points are averages from several experiments. Although
converted to di-halogen can exceed the number ofiiki- the data are associated with some scatter (the errors bars rep-
tially present in the entire sample by orders of magnitude. Inresent reproducibility) there is a trend of increasing uptake
contrast to the aqueous phase, the surface reaction is clearfjpefficient with decreasing temperature. Also plotted with
not driven by the presence of protons. this data are results obtained using the same initial€in-
centration, but without bromide present (open circles). The
3.4 HOBr uptake onto frozen salt surfaces: uptake coeffi-initial uptake coefficients are, within error limits, indistin-
cients guishable from those with 8 10-2 M bromide, and clearly,
at these concentrations, the presence of bromide on the sur-
As shown in, e.g. Fig. 3b, the uptake of HOBr onto a frozen,face has little influence on the magnitude of the HOBr uptake
mixed salt surface is sometimes time dependent, with an inicoefficient. This substantiates the arguments presented above
tially large uptake coefficient that decreases with exposurehat the initial step is the reaction of surface adsorbed HOBr
time due to the deactivation of reactive surface sites. At lowwith the dominant halide ion, Cl| rather than reaction with
concentrations of HOBr and sufficiently high halide ion con- Br—. Uptake coefficients were also obtained for the reaction
centrations the uptake was independent of exposure time oof HOBr with a surface prepared from freezing NaBr solu-
the time scales of a typical experiment (e.g. Fig. 3a). In ordettions of either 3x 10~2 or 0.1 M concentration.
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Fig. 6. Temperature dependence of the initial uptake coefficient of Fig. 7. Uptake of BrCl and Gl onto a mixed, frozen salt surface
HOBr onto frozen surfaces made from solutions containing 2 M and formation of Bs. T = 233K, 2 M NaCl, 3x 10-3 M NaBr.
NaCl with and without added NaBr. The error bars define the re-The Br, and C} traces have been offset for clarity of presentation.
producibility of the result.

the uptake coefficients of 0.028 was obtained. These re-
3.5 BrCl, Brp and Cp uptake onto frozen salt surfaces sults are summarised in Table 2.

The uptake of HOBr and release of B described above 3.6 HOBr uptake onto dry salt surfaces
in terms of formation of BrCl in a primary step, followed

by reaction of BrCl on the surface with Br This concept  Experiments to examine the uptake of HOBr onto dry sur-
was tested in separate experiments by measuring the uptakgces were performed on both mixed BCI~ surfaces and
of BrCl, Bry and also Gl onto frozen salt surfaces of vary- pure CI surfaces, and at various relative humidities. For the
ing composition. Representative data from an experiment tgnixed salt at 243 K (see Fig. 83),was found to be & 10-2
examine the uptake of BrCl (plus Band Cb impurity) on  and time independent. Uptake onto the pure Glrface
amixed Br / CI™ surface are shown in Fig. 7, which shows (see Fig. 8b) behaved differently and was clearly time de-
that BrCl is taken up efficiently and that the increase in gas-pendent, with an initial uptake coefficient ofs610~2 that
phase By is approximately equal to the summed loss of BrCl decreased to a steady value~ef3 x 1072 after ~500s.
and Cp from the gas-phase. If the initial Clto Br~ ratio is BrCl was formed at high yield~ 70%), but not stoichio-
close to 660 as found in sea-water, BrCl will react on the sur-metrically. Upon re-inserting the injectar & 2050 s) some
face to form Bp. A lower limit to the uptake coefficient of HOBr was released from the surface to the gas-phase, indi-
0.034 was obtained at 233 K. cating the presence of unreactive, physi-adsorption sites on

In a further set of experiments the uptake o Bmto  the chemically aged surface, and explaining the observation
mixed salt surfaces was examined., Bvas found to react that the yield of BrCI per HOBr lost from the gas-phase was
strongly with these surfaces in halogen inter-conversion renot 100%. Similar to the uptake of HOBr onto frozen sur-
actions. Although BrCl is expected to be the primary prod-faces, the uptake onto dried and humidified surfaces resulted
uct, it reacts with the surface bromide to formpBiThe up-  in the release of both Biand trace amounts of BrCl, with Br
take coefficient was determined to e0.025 at 233K. On  the major initial product released to the gas-phase, followed
pure bromide at 243K, Bris both taken up to react with by BrCl release as the surface bromide was depleted. There
the surfacek > 0.01) and released to form a differentBr was no change in the product distribution as the relative hu-
molecule. In this case, the use of isotopically labelled NaBrmidity was varied between 0 and 100%. Note that the deli-
was used to discriminate between the reactant and produgjuescence relative humidities of NaCl at 298 K is 75.6% and
Bra. shows a weak temperature dependence, increasirg/tfo

The uptake of Glwas examined on mixed salt surfaces at at 273 K (Tang and Munkelwitz, 1993), that of NaBr is about
233K, and resulted in the stoichiometric formation obBr 58% at 298 K (Malvestuto and Ascoli, 2001). These results
presumably via the intermediacy of BrCl. A lower limit to are summarised in Table 2.
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3.7 Comparison with literature
3.7.1 HOBr uptake to frozen and dry surfaces // MKMWWWM
I '\W\W»\WMNA | ke My
The present results pertaining to the uptake and reaction of<_" 1 f Br, +4x10" em”
HOBr on frozen salt surfaces can be directly compared to the _~ ] f \
similar but less extensive studies of Kirchner et al. (1997). = e ey
Also using a flow-tube / mass spectrometer set-up, those au-.
thors found that the reaction of HOBr on a frozen, mixed
NaCl / NaBr surface at 233K resulted in the release to the . 1 |
gas-phase of both BrCl and Bm roughly equal amounts. 2; | HOBr }
They determined an uptake coefficient for the process of | } |
~ 1—3x 103, As detailed in Sect. 2, the present work has 1 \ - ,AMWJ
clearly shown that the use of HOBr concentrations in excess 1 g A s e
of 1011 ecm=3 in studies of the HOBr uptake to salt surfaces ' w w ——
can strongly influence both the kinetic behaviour and the ra- 1000 2000 3000
tio of the Br, and BrClI products, and can also lead to the time [s]
formation of BLO on the surface. The factor of 10 differ-
ence in the uptake coefficient and the vastly different product ]
distribution seen by these authors can therefore be explained B
by their use of~ 10! cm~3 HOBr, i.e. a factor of 1000 A
greater than routinely used in the present study. As we have 1 L\ Bl +7x10" em”
1 \
l

ation

1o | i
4 N’VW’W W W;wawww W
| | }

Concentr.

already shown, the use of high concentrations of HOBr leads ~
to rapid depletion of surface bromide, and increases the ratio™z | S
of BrCl to Br, observed in the gas-phase. At the same time,
at such high HOBr concentrations, we expect a very rapid
surface saturation that leads to a much lower uptake coeffi-
cient after an initially high value. Even at concentrations of
~ 10 cm3 this effect is apparent, and at#cm3 the
initial high uptake coefficient, would not be observable. Fol-
lowing the initial large uptake, the subsequent low uptake is | |
also expected to show some time dependence, and results in v
curvature in plots of HOBr signal versus injector position. In- T T T T
deed, a close examination of the raw data presented by Kirch- 0 300 1000 1500 2000
ner et al. (1997) reveals pronounced curvature in several of time [s]
the uptake profiles. The low uptake coefficient measured by
these authors probably corresponds to uptake onto a surfaggg. 8. Uptake of HOBr onto dried salt surface at 233&) 2 M
that is severely depleted in available reactive sites. NaCl, 3x 10~3 M NaBr, (b) 2 M NaCl, 0 M NaBr.

There have been several studies of the uptake of HOBr
onto pure ice surfaces, which reveal a number of common
features (Abbatt, 1994; Allanic et al., 1997; Chu and Chu,is compatible with the present results, as is the observation
1999; Chaix et al., 2000) including a strong negative temper-of a fast reaction of BrCl with surface adsorbed HBr on ice
ature dependence of the uptake coefficient between 175 angurfaces at 180- 210K to form Bp (Allanic et al., 2000).
239K, and the formation of Brand BrClI products when the The interaction of HOBr with dry NaCl and KBr surfaces
surface is doped with HBr or HCI respectively. The uptake has been examined at room temperature (Mochida et al.,
coefficients measured in these studies vary frome 0.5 1998). In that study no data were obtained for mixed salt
at 175K toy ~ 103 at~ 230K on pure ice. The uptake surfaces. For reaction with NaCl, the products observed were
coefficients on pure ice at 230K are thus lower that thoseBrCl and Bk, whereby the Br was believed to arise from a
measured on the frozen salt substrates of the present studself-reaction of HOBr on the surface, and decomposition of
which werey ~ 102 at 230 K. On the other hand, the pres- the subsequently formed 8. The BrCl evolution into the
ence of HCI on the surface increases the uptake coefficienjas-phase displayed an induction period as observed in the
up toy ~ 0.2 at temperature close to 230K, depending onpresent work. Br was observed as the sole gas-phase prod-
the amount of HCI available on the surface for reaction (Ab-uct of the HOBr + KBr interaction. Mochida et al. (1998)
batt, 1994; Chu and Chu, 1999). The observed formation ofeported initial uptake coefficients pf= (6.5+2.5) x 103
BrCl and Be when CI~ and Br~ are available at the surface for NaCl andy = (0.18+ 0.04) for KBr.
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3.7.2 BrCl, Ch and Bp uptake to frozen and dry surfaces to use of very high HOBr concentrations in the gas-phase,
that modified the relative surface abundance of Bnd CI-
There have been a number of studies of the interactionsn the time scale of the measurements. Various aspects of our
of the di-halogens BrCl, Gland Bp with both dry and observations are discussed below in the context of their im-
frozen salt surfaces. Berko et al. (1991) examined quali-plications for helping us understand the cause of low ozone
tative aspects of the uptake and reaction of @d BrCl  events (LOES) in both the Arctic and Antarctic boundary lay-
with dry NaBr crystals. They found that whilst BrCl re- ers. In doing this we note that whereas our laboratory-made
acted with NaBr to form Br directly, the uptake of Glre- surfaces, prepared from pure chloride / bromide solutions are
sulted in initial formation and release of Brfollowed by  not perfect replicas of sea-ice, or sea-spray that has been de-
BrCl. This is consistent with the present results and mech-osited on the ice pack, they allow the variation of parame-
anism for reaction of Glwith mixed salt surfaces. BrCl ters (i.e. the Ct to Br~ ratio and the pH) that enable us to
is formed in the first step of the reaction in which,@e-  gain some insight into the chemical mechanisms of halogen
acts with NaBr, but is converted to Bbefore it can leave activation and release.
the bromide-rich surface. Only after the surface has been Firstly we note that the uptake of HOBr to a fresh, frozen
sufficiently depleted in Br can BrCl escape to the gas- sea-salt surface does not initially lead to the release of BrCl,
phase. Kinetic data on the reaction op@lith dry synthetic ~ which is consistent with our measurements in the aqueous
sea-salt have also been obtained, and an uptake coefficient phase (Fickert et al., 1999). A significant depletion of sur-
y ~ 2 x 1072 reported (Mochida et al., 1998). As in the face Br is necessary before the slow rate of desorption of
present study, Br(rather than BrCl) was observed as the BrCl from the surface allows it to compete with its transfor-
dominant product. The reaction of Qlith frozen, mixed  mation to Bp. If halogen activation is initiated by gas-phase
salt surfaces of similar composition to those reported herébromine chemistry that leads to HOBr formation, we would
was examined by Huff and Abbatt (2000). They found an predict first bromine activation and later the release of chlo-
efficient interaction at 248 K, but no evidence for reaction atrine. At first glance, this appears to disagree with the results
233K (y < 0.002), which the authors reported as surprising. of Ramacher et al. (1999) who, by making measurements of
This observation contrasts the present result in which the uphydrocarbon depletion rates, were able to show that during
take coefficient was found to be greater than 0.028 at 233 Keach ozone depletion event the time integrated chlorine atom
and where By product was observed at high yield. The re- concentration increases earlier than the bromine. However,
sult of Huff and Abbatt (2000) at 248 K, whereby an uptake as discussed by these authors, the presence of high concen-
coefficient ofy = 0.048 was obtained is more in line with trations of Br atoms (available to react with hydrocarbons)
the present observations, as is the observation theisBhe  is precluded by ozone mixing ratios in excessxof0 ppb,
dominant product (98-99%). These authors also carried ouvhereas Cl atom / hydrocarbon reactions are relatively unaf-
a detailed study of the reaction of Glith surfaces prepared fected by the presence of these ozone concentrations.

from solutions containing various amounts of §in the ab- We also observe that, in stark contrast to reaction in the
sence of Ct) and found a strong dependence of the uptakeaqueous phase, the uptake of HOBr to BrCl~ contain-
coefficient on this parameter at 233 K. ing ice surfaces leads to release of molecular di-halogens at

The same authors have also examined the reaction of BrChigh yield even at low Ff concentrations. In the marine
with frozen, Br- containing salt surfaces and also find an boundary layer at mid-latitudes the deposition of HOBr to
efficient conversion of BrCl to Brand an uptake coeffi- the surface of the sea does not lead to release of di-halogens,
cient that depended on the Biconcentration, with values but requires the acidification of aerosol sea-spray by uptake
of y = 0.018 for [Br-] = 0.01 M, andy = 0.042 for [Br] of gases such as SOHNO3 (Sander and Crutzen, 1996)
= 0.1 M. Importantly, for reaction of both €bnd BrCl, they  or methane sulphonic acid (Ayers et al., 1999) (MSA), and
also observed no dependence of the uptake coefficient on thgives halogen activation a strong dependence on the concen-
pH of the solution used to prepare the surface, which is con{ration of airborne particles, and thus wind strength. In very
sistent with the present observations for HOBY. clean environments, and in the absence of a significant source

of CH3SCH;s (precursor of MSA), di-halogen activation by

HOBr uptake is therefore inoperative. Our observation that
4 Conclusions and implications for the chemistry of the  the uptake of HOBr and the formation of Bor BrCl is effi-

polar boundary layer cient on dry and frozen salt surfaces made from non-acidified

solutions may help explain why low ozone events still occur
In the present study it has been shown that HOBr reacts effiin the clean air of the Antarctic even though mechanisms to
ciently with surfaces prepared by freezing synthetic salt so-acidify particles may not be available. A complicating is-
lutions of similar Br / CI~ ratio and ionic strength to sea sue here is caused by the presence of a liquid-phase which
water. Use of very low HOBr concentrations has enabled uds believed to be associated with these frozen surfaces, and
to show that previous results (Kirchner et al., 1997) on bothin which high concentrations of Cland Br~ are expected
the uptake coefficient and product yields were erroneous du& be present (Koop et al., 2000). The reaction of HOBr
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Table 2. Summary of kinetic and product data obtained for uptake of BrGl,a@d Bp onto frozen salt surfaces, and HOBr onto dry (and
humidified)* salt surfaces

Trace gas Surfaée T  Major Productd  yinit

K
BrCl Br— /Cl~ (Frozen) 233 By > 0.034
Bry Br~ /CI~ (Frozen) 233 By > 0.025
Bry Br~ (Frozen) 243 By > 0.01
Cly Br~ /CI~ (Frozen) 233 By > 0.028
HOBr Br—/ Cl~ (Dry) 243 Bp 0.02
HOBr CI~ (Dry) 233 BrCl 0.06

1Relative humidity varied from 0 to 100%.

2Br—/CI~ surfaces were made from 2 M TV 3 x 10~3 M Br~ solutions. The Ct surfaces were prepared from 2 MTCsolutions, the

Br— surfaces were prepared from310~3 M solutions.

3product formed at short exposure times. The evolution of the product distribution as a function of reaction time is described in the text.

with CI~ and or Br in liquid environments should require and will result in efficient release of reactive halogen species
a pH which is lower than that of sea-water to result in halo-as long as sufficient Bris present in the surface snow-pack
gen activation as long as sufficient liquid is present to causeand sufficient Qis present in the gas-phase so that formation
dissolution and ionisation of HOBr. Our measurements ofof BrO is efficient compared to reaction with aldehydes. If
the uptake coefficient of HOBr on frozen sea-salt surfaces othe reservoir of Br is significantly depleted before all gas-

y = 2 x 1072 enables comparison between, and linking of phase @ has been consumed, then chlorine activation can be
the heterogeneous and homogeneous gas-phase processes@@ected, as BrCl is released in preference to Biast sur-
curring in the boundary layer at the poles during a LOE to beface reactions and the short lifetimes of the reactive bromine
made. If most of the heterogeneous chemistry involving saltspecies with respect to photo-dissociation imply that mixing
surfaces is taking place at the snow pack rather than in sussf Oz rich air masses distant from the snow pack with O
pended sea-salt aerosols (Tang and McConnell, 1996; Sandpoor air masses very close to the surface will be important
etal., 1997), values af of this magnitude imply that the rate in determining the occurrence and duration of LOEs. These
of reaction of HOBr at the surface of the snow pack will be considerations preclude a simple description of the hetero-
limited by its deposition velocity, which, following Huff and geneous and gas-phase reactions that initiate and maintain
Abbatt (2000), and assuming a mixed layer of 100 m heighthigh concentrations of reactive halogens in the polar bound-
is ~0.6 cm s1. Although there may be a weak source of ary layer, which can only be done with the use of models that
Br atoms due to the photolysis of bromoform (Barrie et al., contain both gas-phase and heterogeneous halogen chemistry
1988), which may be sufficient to initiate bromine chemistry (the objectives of this paper) and appropriate parameterisa-
at polar sunrise, most photochemical activity will take placetion of mixing and transport of air masses over the snow
close to the snow pack, wheres released and photolysed pack. The reader is referred to the recent modelling study
(to form two Br atoms, Reaction 8) on time scales that mayby Michalowski et al. (2000) which shows thag @epletion

be short relative to times required for vertical mixing. The is very sensitive to the concentration of HOBr, and the rate

Br atoms can react with £to form BrO. of its uptake to Br and CI~ containing surfaces.
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At normal levels of Q (=~ 40 ppb, Hausmann and Platt, 1994;
Hopper et al., 1998), most Br atoms will react with,@nd
the Ios; of one HOBr'in a hetgrogeneous process anq thBeferences

formation of 2 HOBr via Reaction sequence (8 and 9) im-

plies that the photochemical / heterogeneous chemistry takabbatt, J. P. D.: Heterogeneous reaction of HOBr with HBr and
ing place at the snow pack is of a chain branching nature, HClon ice surfaces at 228 K, Geophys. Res. Lett., 21, 665-668,
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