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Heterogeneous Reaction of HOI with Sodium Halide Salts
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The interaction of gaseous HOI with crystalline grains of NaCl and sea-salt and thin films of NaBr crystals
has been studied in a wall coated tubular flow reactor coupled to a quadrupole mass spectrometer over a
concentration range (0-B) x 10" molecules cm?® at 278 and 298 K. On a fresh surface, the uptake
coefficients determined were independent of temperature with0.034+ 0.009,y = 0.016+ 0.004, and

y = 0.061+ 0.021 for NaBr, NaCl, and sea-salt, respectively. No increase in reactivity was observed on
addition of water vapor between 0 and 23% relative humidity at 278 K. It was also shown that the reactivity
of the salt surface decreased with time of exposure to HOI and that steady-state uptake was slower on “aged”
salt surfaces. Products of the reactions released into the gas phase were IBr, ICl, anddBfor the

reaction of HOI on NaBr, NaCl, and sea-salt surfaces, respectively. The atmospheric implications of the
results obtained are briefly discussed.

Introduction ICI, and IBF8 via the reactions

An interest in the tropospheric chemistry of iodine has been HOI + NaCl— ICI + NaOH (R5)
developed due to its potential involvement in tropospheric ozone
loss1~3 The principal known source gases for iodine in the HOI + NaBr— IBr + NaOH (R6)

troposphere are alkyl halides emitted from macroalgae and The interhalogens formed are only slightly soluble and can be

phytoplankton, which can be found in coastal regions as well released back into the gas phase, where they readily photdlyze
as in the open oceans? Photolysis of alkyl halides produces

an iodine atom, which can then react with ozone to form the IX +hv—X+1(X=ClorBr) (R7)

IO radical, which has recently been observed in three different 1,¢ halogen atoms produced could then lead to enhanced ozone
locations in the remote marine boundary lay&The 10 radical loss in the marine boundary layer.

can then react further with HONG;, and 1O leading to the Only one other study of the interaction of HOI with salt
formation of a number of inorganic gas-phase species with the g, ifaces has been published to date. Allanic & iavestigated
major component predicted to be hypoiodous %C'd' HOI. the reaction of HOI on NaCl and KBr surfaces at room
HOI is formed by the reaction of 10 with HO temperature using a Knudsen cell. They reported maximum
IO + HO. — HOI + R1 gamma values for the reactive uptake coeff|C|.ent$ ef (4+
O +HO, Ol+0, (R1) 2) x 102andy = (5 + 2) x 1072 for the reaction of HOI on
It can then regenerate 10 by photolySi¥contributing to 0zone NaCl and KBr respectively, measured at the shortest reaction

destruction via the following reaction cydfe times. They found that the uptake coefficient decreased with
exposure of the salt sample to HOI. The only product observed
HOI + hy — OH + | (R2) in their study of the reaction of HOI on NaCl waglut both
I, and IBr were observed in the reaction of HOI on KBr.
I+ 0;—~10+ 0, (R3) To investigate further the possible release of interhalogens
via the reaction of HOI with halide salts, a comprehensive study
IO + HO,—~ HOI + G, (R4) of the heterogeneous interaction of gaseous HOI with NaBr,

N NaCl, and sea-salt crystals was conducted using a wall coated
HOI can also partition between the gaseous and the con-fiow reactor. The kinetics of HOI uptake on solid NaBr, NaCl,

densed phase and undergo heterogeneous reaction with atmoyng sea-salt crystals was measured at 298 and 278 K. Uptake
spheric aerosol particles. Its uptake into the condensed phasgneasurements were also conducted on a solid NaOH surface
may then lead to removal by wet deposition. Thus, HOI could anq in the presence of water vapor (up to 23% relative humidity
bg the reservoir species responsible for the apparently rever-at 278 K), to explore the reactivity of the condensed phase
sible attachment of'#* to aerosol particles, which has been proquct, and the effect of adsorbed water on the reactivity of
noted during the transport of radioactive material following the solid surfaces. The implications of the resulting uptake

the accidental release at Chernobyl in 1988.In addition, coefficients are discussed in terms of the atmospheric chemistry
it has recently been proposed that HOI, analogous to uf iodine.

HOBr,'” could also be involved in the activation of halogens
from sea-salt aerosols due to formation of interhalogen species,Experimental Section

* To whom correspondence should be addressed.Fa4:1223-336362. A conventional flow system with mass spectrometric detection
E-mail: cm34@hermes.cam.ac.uk, rac26@cam.ac.u was used to study the uptake kinetics and gaseous reaction
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Figure 1. Experimental setup.
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TABLE 1: Experimental Conditions for Gases Used

detection concentration/
molecule limit/molecules cm®  moleculescm® % error
O, 5 x 101 (0.2-20) x 102 2
CoHsl/C3Hl 1 x 10 (0.2—-20) x 1013 5
HOI 2 x 100 (0.2-8) x 10*? 46
ICI 1 x 101 (2—40) x 10t 27
IBr 3 x 10 (2—6) x 104 27
I 6 x 10 (7—10) x 10 18

the flow reactor. The insert was then dried quickly by pumping
out the reactor leaving a slightly opaque thin film of NaOH or
NaBr.

HOI was prepared in situ in the double sliding injector via
the reaction of O atoms with 8lsl or C3H7I123

0,— 2 0FP) (R8)
CH,/ +OCP)—HOI+CH, , > 80%  (R9)
CH,! +OCP)— 10 + C,H, < 10% (R10)

wherex = 2 or 3 andy = 5 or 7 withk = 2.38 x 10711 cm?
molecules?! st 22andk = 5.18 x 1071 cm® molecules! s™1 25
for the reaction with @Hsl and GHyI, respectively.

A double sliding injector (see Figure 1) was used in which a
flow of O atoms, produced in a microwave discharge efO
He mixtures, passed up the inner injector. The O atoms were
then mixed a few centimeters before the end of the sliding
injector with a flow of excess £Hsl or C3H/I in He added via
the outer injector, which was coated with halocarbon wax. The
yield of HOI is in excess of 80%. IO and ivere present as
small impurities, as detected by mass spectrometry. The resulting
HOI concentrations were quite stable in the flow tube. For the
study of the reactions of,| ICI, and IBr on NaCl, NaBr, sea-
salt, and NaOH the double sliding injector was exchanged for
a single sliding injector as described previou&lysamples of
CsH7I (Lancaster 98%), &sl (Lancaster 98%),l(Breckland
Scientific 98%), ICI (Lancaster 98%), and IBr (Acros 98%) were

products. The apparatus (Figure 1) is similar to that used purified by repetitive freeze pump thaw cycles. Known pressures

previously for the study of the interaction of HNQvith
NaCl and the uptake of HI and HBr on ié&22 except for the
double sliding injector, which was used for the in situ prep-
aration of HOI. The jacketed flow tube was approximately 1m
in length with an internal diameter of 1.90 cm. A cylindrical

of the gases were then mixed with an appropriate pressure of
Helium (Messer 5.0) to give the desired percentage mixture
(0.01-2%) and stored in bulbs on an all glass manifold. The
mixtures were left to mix overnight. They were kept in the dark
and usually used the next day. The-e mixture was either

Pyrex inner tube 70 cm long and 1.57 cm i.d. was coated used straight from the gas cylinder{®.5 in He 5%, Messer)
internally with the substrate of interest and then inserted inside or diluted further to the desired percentage mixture of 0.5% in

the flow reactor. This provides the surface for the kinetic
measurements.
Two types of surfaces were used in this work. The first type

a bulb on the glass manifold.
Gas concentrations were measured using a molecular beam
sampling quadrupole mass spectrometer (Hiden Analytical

was composed of granular crystallites, which was made using model HAL V). HOI, IBr, Iy, ICI, CoHsl, and GH7l were

commercial NaCl grains (Breckland Scientific, 99%owith a

monitored atm/z = 144, 206, 254, 162, 156, and 171

diameter of approximately 0.5 mm or sea-salt grains (Com- respectively, using an ionization energy of 70 eV and with a

munity Food Ltd, 99%-) of 0.2—0.7 mm diameter, obtained

current of 100Q<A. On addition of a flow of a dilute mixture

from solar evaporation of seawater free from any additives or of any of the gases listed above, the mass spectrometer signal
processing aids, deposited in a layer approximately one grainwas found to be linearly dependent on concentration and
thick. The preparation of this surface type has been describedcalibration curves were obtained for IBg, IICI, C;Hsl, and

in detail elsewheré! The second type was made in situ by
evaporation of a saturated solution of NaBr (Lancaster-89%
in 50%:50% distilled water/methanol (BDH, 99.8%) or from a
1 molar NaOH solution (Ampules Convol, BDH). To avoid
formation of NaCGQO;, the distilled water used to make up the
NaOH solution was boiled prior to use. Once the NaOH solution

CsH7Il. Decomposition of some of the ICI and IBr intg &nd
Cl,/Br, was taken into account in the calibrations. The concen-
tration of HOI was determined by subtracting the amountof |
formed from the amount of ££isl or C3H7I lost assuming that

no other iodine containing species were produced when the
microwave cavity was switched on. The minimum detectable

or the saturated solution of NaBr was made up the inner Pyrex concentrations, uncertainties in the measured concentrations and

tube insert was immediately coated with it and inserted into

typical concentrations used are listed in Table 1. The minimum
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TABLE 2: Diffusion Coefficients Used for Brown
Corrections

diffusion coeff diffusion coeff

molecule  temp/K inHe/Torrcnfst  inH,O/Torr cn? s
HOI 253 2244 24.67 33.0+ 3.6
ICI 278 288.2+ 31.7 56.6+ 6.2
IBr 278 268.4+ 29.5 52.0+5.7.
P 278 250.6+ 7.6 48.0+ 5.3

reactant concentration used during the experiments was limited

to 2 x 10 molecules cm? due to the detection limit of X
10% molecules cmd for HOI. The initial concentration of HOI

has to be sufficiently large to be able to detect changes in the

HOI mass signal.

Experiments were performed at 298 and 278 K using a flow

of Helium (50-500 sccm) as carrier gas, which was injected

through a side inlet at the upstream end of the flow reactor.

In the experiments performed at different relative humidity

(0—23%), a continuous flow of water vapor was added by either
bubbling 150 sccm of Helium through a Pyrex vessel containing

high purity water (Acros Organics, water for HPLC) at low
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and 5%. The error in the slope to determiQgt.cewas up to
10%, the error for the diffusion coefficients used was 11%. An
error of 20% and 30% is assigned to the limited reproducibility
of the dried solution surfaces and the salt grain surfaces,
respectively. This leads to an overall error on the uptake
coefficient of 18%-35%. The correction for radial diffusion
using the Brown correctiof%described above varied between
5 and 60%. They were small when uptake was skow (L0?),

but became much larger asapproached 0.1. WhéQiusion <
ksurfacethe loss of the reactant molecule is limited by the gas-
phase diffusion in the flow tube rather then by the reactive
uptake onto the surfa¢&.Under such conditions only a lower
limit for the uptake coefficient can be determined. For all
calculations ofy, the geometric surface area of the Pyrex insert

was assumed to be equal to the actual surface area available

for reaction. Irregularities in the surface may lead to a larger or
smaller surface area, as will be discussed later, which would
introduce an additional error for the uptake coefficients calcu-
lated using equation (E1) above.

pressure or by drawing the water vapor directly from the vessel Results

through another side inlet of the flow reactor. The linear flow
velocity varied between 1047 and 2560 %sn! and the total
pressure of the flow tube was 3.5 Torr.

For any given experiment, an initial flow of the reactant was

established with the end of the sliding injector downstream from
the surface of interest. The injector was then moved to an
upstream position so that a certain length of the surface was
exposed to the reactant. Any uptake on the surface leads to at
drop in concentration of the reactant and hence in its signal on
the mass spectrometer, and an increase in the product signal, i
a product is released into the gas phase. By varying the length
of surface exposed the concentration time profile along the flow
tube can be determined. Normally, the decay of the reactant

was first order and the first-order rate constiqticecan be
obtained from a plot of In[signal] vs contact timleyaceCan
then be used to calculate the uptake coefficigntassuming

|. Interaction of HOI with NaCl, NaBr, Sea-Salt and

NaOH Surfaces.|. (a). Uptake of HOI on Fresh Salt Sur-
faces.Figure 2a shows the loss of HOI (1:6 10'2 molecules
cm~3) on NaCl and the production of ICI. The initial HOI sig-
nal was established2 min after the microwave cavity was
switched on. After~4 min the sliding injector was pulled down

{o expose the first few centimeters of the surface to HOI and
he initial HOI signal decreased to a new steady state value. It

fan be seen from the increase in ICl signal, that ICl was released

promptly into the gas phase. The sliding injector was then
repeatedly pulled down to expose different length of the NaCl
surface.

On exposure to the NaBr surface HOI (k1102 molecules
cm~3) was continuously lost to the surface and the product of
the reaction, I1Br, was released promptly into the gas phase. This

that the surface area of the substrate is equivalent to theiS shown in Figure 2b. The sliding injector was pulled back
geometrica| surface area of the inner Pyrex tube, using the after about 6 min for the first time, and the HOI Slgnal decreased,

equation

Y= ksurfacezr/w (El)
wherey = uptake coefficientw = average molecular speed
andr = radius of the inner Pyrex tube insert.

Corrections foksurtaceneed to be applied for the laminar flow
conditions used. The correction for axial diffusion was found
to be insignificant £2%). The correction for radial diffusion
was made using the method described by BréWihe diffusion
coefficients used for the Brown correction are listed in Table
2. The diffusion coefficients for HOI at 253 K were kindly
provided by J. W. Adan® prior to publication. For ICI, IBr,
and b the diffusion coefficients were calculated using kinetic
theory, as described in detail previoudhDue to a lack of data
for the characteristic energyand characteristic length for
IBr in He and HO, the diffusion coefficients for IBr were
estimated using values efand o lying between those for,l
and ICI.

whereas the IBr signal increased. After 10 min, the microwave
cavity was switched off to check the position of the baseline.
At 13 min, the cavity was switched back on and the experiment
was repeated.

When HOI (1.0x 102 molecules cm?3) was lost to the sea-
salt surface (Figure 2¢)IBr was observed to be the first product
of the reaction reaching the gas phase. The IBr production was
found to be time dependent in most cases. At 34 min and 43
min, it can be seen that the initial IBr signal started to decay
away almost instantly, while the signal due to ICl production
started to increase until it reached a steady-state value. After
51 min, the sliding injector was pushed back up past the sea-
salt surface and the HOI signal increased to its initial value,
while the ICI signal decreased to its baseline. On fresh sur-
faces, initial uptake was time dependent, falling from an initial
high value to the time independentsee Figure 3). However,
all values for the uptake coefficien;,, of HOI on the salt
surfaces have been measured after the uptake state had settled
to a constant value, as the initial time dependent uptake was

Uncertainties in temperature, pressure, sample purity, smallnot very reproducible. In addition, the maximum change in
leaks, gas mixing, slope to determik@race gas flow, reproduc- Ksurtace due to this initial time dependence was a factor of
ibility of the preparation of surfaces, and the diffusion coef- 2, which results in a value for the uptake coefficients within
ficients used for the diffusion corrections were considered for the error limits for the uptake coefficient determined under
error analysis. The error attributed to temperature, pressure,steady-state conditions. The initial time dependent uptake might
sample purity, small leaks, and gas mixing varied between 1 become larger when lower concentrations of HOI are used.
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Figure 2. (a) The uptake of HOI (1.6< 10 molecules cm®) on
NaCl and the production of ICI at 298 K. (b) The uptake of HOI (1.1
x 102 molecules cm®) on NaBr and the production of IBr at 298 K.
(c) The uptake of HOI (1.0< 102 molecules cm?®) on sea-salt and
the production of IBr and ICI at 298 K.
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Figure 3. Initial reaction of HOI (1.5x 10* molecules cm?) on a

fresh sea-salt surface at 298 K.
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Figure 4. First-order loss plot for the reaction of HOI on sea-salt at
298 K. Two consecutive runs.

Figure 4 shows a typical first-order loss plot for HOI on sea-
salt. The two consecutive runs were performed on the same
surface.

The uptake coefficients for the loss of HOI on the salt surfaces
were found to be independent of temperature between 278 and
298 K withy = 0.0344+ 0.009,y = 0.016+ 0.004,y = 0.061
4+ 0.021 for HOI on NaBr, NaCl, and sea-salt, respectively.
The loss of HOI on a clean Pyrex tube insert surface was found
to be insignificant withy = 0.00054 0.0001.

I. (b). Surface Aginglt was observed that the reactivity of
the dry salt surfaces was dependent on the time of exposure of
HOI to the dry salt surfaces. With increasing exposure of HOI
to the salt surfaces a decreasekinaceWas observed, i.ey
for the reaction decreased. This behavior, called “surface aging”,
has also been observed in other studie¢8.The measuregr
values on “aged” surfaces, e.g., afteBO min of exposure of
the surface to HOI, were determined tojbe= 0.008+ 0.003,

y = 0.007+ 0.003,y = 0.014+ 0.004 for NaBr, NaCl, and
sea-salt, respectively. No concentration dependence of this
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concentration used in this study. However, at lower HOI I
concentrations, it should be possible to observe a concentration

surface aging effect was observed over the range of HOI 9.5 107 Frr T T T

dependence of the effect of surface aging. 910} )
I. (c). Effect of Water VapoiVater was added to the reactor ]
at 278 K up to 23% relative humidity (1.5 Torr water vapor) 85107 ]

for the reaction of HOIl on NaCl and NaBr and up to 11%
relative humidity (0.7 Torr water vapor) for the reaction of HOI
on sea-salt. In all cases, no dependenceai relative humidity
was observed. With the present system, it was not possible to
conduct experiments with higher relative humidity in the flow
tube. Further increase in water vapor partial pressure would have
required an excessive flow tube pressure, to values incompatible i
with the mass spectrometer sampling configuration. A decrease 710™ L
in orifice size would have resulted in a loss of sensitivity and md
thus very high initial HOI concentrations, which would have e Ll e e
been unsuitable for experiments on dry salt surfaces. 6.510

I. (d). Product FormationFor the reaction of HOI on NaCl 4 8 12 16 20 24 28 32 36
and NaBr, ICI and IBr, respectively, were the only products time/min
detected in the gas phase. Both the loss of HOI as well as theFigure 5. Uptake of HOI (1.4x 10 molecules cm?) on NaOH at
production of ICl and IBr were time independent over the time gg k.
scale of the experiment. The concentration of ICI produced was
calculated to be (18- 53/—10)% of the concentration of HOI

signal/amps
[s-]
-
(]
=

7510

lost to a freshly exposed surface as well as to an “aged” NaCl [rrrrT TR 810"
surface. On a fresh NaBr surface, the amount of IBr produced g 141 15 10"
was calculated to be (108 53)% of the amount of HOI lost. {
After several experiments carried out on the same NaBr surface £ ] { 1 12
the conversion of HOI to IBr decreased to (3953/—19)%. l ‘- o L o [' 610 I
The large errors are mainly due to the uncertainty in the 1.2 10"} R [ i } B e
_ £ .- , 5107 3
concentration of HOL. S . 4\\§ : ] 3
On exposure of HOI to sea-salt both ICI and IBr were é I AN 1410 §
observed as products. IBr was observed to be the first product g g 40"t t \ ] &
of the reaction reaching the gas phase. Almost instantly, the © \‘\4\ 1310" i
initial IBr signal started to decay away while the signal due to E« L \ﬁL : 2
ICl production started to increase until it reached a steady state 0 ]2 10"
value. Thus, IBr and ICI production was time dependent, and 410 J
at the shortest exposure time on a fresh surface IBr and ICI = 1z l - HOI 1110
were produced in a 4:1 ratio. With time the ratio declined and
eventually only ICI but no IBr production was observed. Q bbbt b L g
HOI was also found to be taken up on the surface of NaOH, 0 001 002 003 004 005 006
the most likely product of the reaction of HOI on halide salts, time/s

which is not released into the gas phase (see section le) below).

Stoichiometrically, for every IBr or ICI produced there is also Figure 6. Decomposition reaction of HOI and production efuithin

OH- and Na produced on the salt surfaces, which may form the outer sliding injector.

the solid reaction product NaOH on the surface. On a medium

aged sea-salt surface (3@ 63/-30)% of HOI lost was  same reasons as outlined in section la. The uptake of HOI (1.4
converted to ICl and IBr. Taking into account that HOI can x 10'2 molecules cm3) on NaOH is shown in Figure 5.
also be lost to NaOH, (64t 63)% of HOI lost could be  Between 278 and 298 K, no temperature dependence of the
accounted for. Within error this could close the mass balance reaction was observed. On a fresh surface, the uptake coefficient
for the reactions of HOI on sea-salt. Analysis of the data for was determined to be= 0.0164 0.004. After repeat exposure
the first initial exposure of a fresh sea-salt surface to HOI, i.e., of HOI to the surface, the value for the uptake coefficient
no NaOH present, showed that under these conditionsH81 decreased tp = 0.0022+ 0.0006. No gas-phase products were
63)% of the HOI lost was converted to ICI and IBr. observed from this reaction. Addition of water vapor at 278 K

I. (e). Interaction of HOI with NaOHThe other possible  to 11% relative humidity increased the value fkyrace
product of the reaction of HOI on all three salt surfaces was dramatically. Uptake was found to be diffusion-limited wjth
NaOH, which is not likely to be released into the gas phase. = 0.1. As the deliquescence point of NaOH occurs at 7%
To assess the possible interaction of HOI with NaOH, which is relative humidity?® a solid NaOH surface will change to a liquid
assumed to be deposited on an aged surface, the uptake of HOlayer. Thus, the results suggest that reactivity of HOI on a liquid
on an NaOH surface has also been investigated. surface is much greater than on a solid surface.

The initial reaction rate of HOI upon exposure to a fresh 1. (f). Decomposition Reaction of HODuring the course of
NaOH surface was time dependent, and the uptake coefficientthe optimization of the HOI source, it was noticed that the HOI
decreased to a steady-state value after the initial exposure. Thesignal decreased with increasing length of exposure to the inner
uptake coefficients reported for the uptake of HOI on an NaOH wall of the outer sliding injector. At the same time, thesignal
surface were measured under steady-state conditions for thencreased (Figure 6). This behavior might be explained by the
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Figure 7. Second-order loss plot for the decomposition of HOI. Figure 8. Loss of ICI (3.1x 10 molecules cm?®) and production of
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following reaction scheme suggesting a decomposition reaction

of HOI on the inner wall of the outer sliding injector

1_110‘13k1\\‘l\!ll\\\\\f;T11\T!!
2 HOI(g) — 2 HOl o, (R11) ol
1.0510 b
2HOlq— 1,0+ H,0 (R12) 1o ]
1,0—1,+05 R13 [
2 2 G ( ) 995107
To test the suggested reaction scheme, the data were plotted as E 910 /v
a second-order loss plot for the loss of HOI on the walls of the g Surface exposed
- . . . . . . c)
outer injector (Figure 7). No decomposition after dilution in B g 5107 | Some IBr adsorbs. b
the flow tube was observed. No more exposure
1. Investigation of the Interaction of ICI, IBr, and | , with 810! to the surface
NaCl, NaBr, Sea-Salt and NaOH SurfacesTo obtain some [ IBr released back
information about the behavior of the products of the HOI Sp— into the gas phase.
NaX reaction, the interaction of ICl and IBr with NaX as well ' f
as of that of the largest impurity present, Was also studied. 710" I RV B NS B RN SN DS R A

No detectable loss of either ICI, IBr, op bn a clean Pyrex
insert was observed.

1. (a). ICI, IBr, and I, on NaCl and NaBrNo interaction of
I, ICI, or IBr was observed with the NaCl surface.and IBr
did not interact with the NaBr surface either. In contrast, ICI
was lost rapidly to the NaBr surface with production of IBr.
The initial rate upon exposure of ICI to a fresh NaBr surface 7% of the initial IBr concentration was lost. No Bor any other
was rapid but time dependent and decreased to a steady statgaseous products of the reaction were observed. When the
value after approximately 4 min. The uptake coefficient reported sliding injector was moved back to its initial position so that
for the uptake of ICI on a NaBr surface was measured under the surface was no longer exposed to IBr, all the IBr initially
steady-state conditions only for the same reasons as discusseddsorbed onto the salt surface was desorbed from the surface
in section la. The uptake of ICI (3.% 10' molecules cm?3) again. This physical adsorption process of IBr (3010
on NaBr is shown in Figure 8. After 15 min, the first few molecules cm?®) on sea-salt is shown in Figure 9. The steady-
centimeters of the NaBr surface were exposed to ICl resulting state uptake coefficient was determined toybe= 0.0006+
in a decrease of the ICl signal and an increase of the IBr signal. 0.0002.
This was repeated several times until, after 47 min, the sliding  ICI (3.6 x 10" molecules cm?3) was observed to react with
injector was pushed back past the NaBr surface, and the IClsea-salt as can be seen in Figure 10. After 17, 22, and 29 min
and IBr signals returned to their initial values. The amount of increasing lengths of the sea-salt surface were exposed to ICl,
ICI converted to IBr on a fresh surface was determined to be which lead to production of IBr. At 34 min, the sliding in-
(1004 34)%. However, the conversion decreased tod734)% jector was pushed back up past the sea-salt surface. It was
after three consecutive runs on the same NaBr surface indicatingobserved that only (36- 34/—30)% of the amount of ICI lost
some loss of reactivity with exposure to ICI. The initial steady- to the surface was converted to IBr, whereas #034)%
state uptake coefficient was determined tojbe= 0.0068+ desorbed again as ICI. The reaction was found to be time
0.0018. dependent. After several consecutive experiments on the same

II. (b). ICI, IBr, and I, on Sea-Saltl, did not interact with sea-salt surface (in this case at 40 min), IBr production was no
the sea-salt. On exposure of IBr to the sea-salt surface aboutionger observed and (9% 34)% of the ICI lost to the surface

20 22 24 26 28 30 32
time/min

Figure 9. Physical adsorption and desorption of IBr (3:0 10%
molecules cm?®) on sea-salt at 298 K.
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Figure 11. Loss of b (7.6 x 10 molecules cm3) on a NaOH surface.

desorbed from it agairyiniias Was determined to bg= 0.0012
+ 0.0004.

1. (c). ICI, IBr, and I, on NaOH.The rates of reaction fop,|
ICI, and IBr on NaOH were all observed to be initially time
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Discussion

I. Formation of ICI and IBr from the Reaction of HOI
on Sea-Saltlt has been shown (results section I, parts a and d)
that the uptake of HOI on sea-salt resulted in production of
both IBr and ICI. On initial exposure to HOI, IBr was observed
to be the first product reaching the gas phase; IBr production
then decayed away while ICI grew and was subsequently
released continuously to the gas phase, as long as the sea-salt
surface was exposed to HOI. Clearly, bromine release is favored
over chlorine considering that the composition of sea-salt is 99.5
wt % CI~ compared to 0.2 wt % Br.

The uptake coefficient for HOI on a fresh NaBr surface was
determined to be larger than the uptake coefficient for HOI on
a fresh NaCl surface. This suggests that the reaction of HOI
with Br~ on sea-salt may be more rapid than withr Qeading
to preferential release of IBr. However, it was shown (results
section lIb) that ICI displayed a stronger chemical and physical
interaction with sea-salt than IBr. Therefore, even if ICl is
formed competitively with IBr, release of ICl may be slower
than IBr leading to an apparently slower reaction

HOI + CI” — ICl g+ OH™ — ICl () + OH™ (R14)

HOI + Br — IBr, + OH (R15)
Reaction of ICl with a NaBr surface (see results section Ila)
was also observed to form IBr. Thus, even if HOI forms ICl on
the sea-salt surface, ICI may be converted to IBr as long as
Br~ is available for reaction. ICl is then only released into the
gas phase when most of the Bin the surface has been depleted

HOI + CI™ — IClyq+ OH" (R16)

IClaq+ Br —1Brg +CI- (R17)

This is similar to the behavior observed by Fickert et%al.
for the interaction of HOBr and conversion of BrCl to,Bn
sea-salt solutions. Their observations confirmed experimentally
the assumptions made by Huff and AbBatind Kirchner et
al.32who speculated that BrCl was converted t@ Bn frozen
salt solutions as long as there is sufficient Bavailable for
surface reaction.

When IBr was exposed to either a NaCl or a sea-salt surface,
it did not produce any ICl and showed only a very weak physical
interaction with the sea-salt surface. This is consistent with the
higher thermodynamic stability of Clcompared to Brin NaX
crystals. The formation of ICI from IBr via the reaction R(18)

dependent but decreased quickly to a steady-state value. Thigs therefore unlikely

is shown for the reaction 0§ 7.6 x 10 molecules cm?®) on

NaOH in Figure 11. No gas-phase products were observed. The

values for gamma were determined tojbe 0.0045+ 0.0012,
y = 0.0034+ 0.0009,y = 0.0030+ 0.0008 for }, ICI, and

IBr ) + Cl™ (g # ICl ; +Br (R18)

Il. Decrease in Surface Reactivity-The Effect of Surface

IBr, respectively. Between 278 and 298 K, no temperature “Aging”. A decrease in surface reactivity of dry salt surfaces
dependence of the reaction was observed. with time of exposure to a reactant molecule has already been

On addition of water vapor (11% relative humidity at 278 observed in many previous stud#®@€133In the present study,

K), ksurface Was measured to be much faster and the gammaa decrease in reactive uptake coefficient was observed with
values increased tp = 0.016+ 0.004 for b andy = 0.1 for increasing time of exposure of HOI to the substrate. This was
ICI and IBr. As discussed in section le above this result is attributed to the formation of an involatile product, possibly
consistent with the change from the solid NaOH surface to a NaOH, on the surface thus reducing the number of surface
liquid layer at the higher relative humidity. halogen ions available for reaction.

A summary of all uptake coefficients measured is shown in It was also shown that HOI reacted with an NaOH surface
Table 3. “No loss” means that it was not possible to detect any but uptake was generally slower than on halide salts and no
loss of the reactant. Aly values reported are an average of at gas-phase products were observed from the reaction. Thus, the
least four experiments. fall off in the reaction rate when halide ions are replaced by



5172 J. Phys. Chem. A, Vol. 105, No. 21, 2001

TABLE 3: Summary of All Uptake Coefficients Measured

Mdssinger and Cox

surface y HOI y ICI y IBr P
sea-salt/fresh 0.06% 0.021 0.0012+ 0.0004 0.0006t 0.0002 No loss
sea-salt/aged 0.014 0.004
sea-salt/11% RH 0.02 0.007
NaBr/fresh 0.034+ 0.009 0.0068+ 0.0018 no loss no loss
NaBr/aged 0.00& 0.003
NaBr/11%RH 0.008t 0.003
NacCl/fresh 0.016k 0.004 no loss no loss no loss
NaCl/aged 0.00% 0.003
NaCl/11%RH 0.008t: 0.003
NaOH/fresh 0.016: 0.004 0.0034+ 0.0009 0.003@: 0.0008 0.0045- 0.0012
NaOH/aged 0.0022 0.0006
NaOH/11%RH >0.1 >0.1 > 0.1 0.016+ 0.004
pyrex 0.0005+ 0.0001 no loss no loss no loss

OH™ can be qualitatively accounted for. In solution at high pH,
HOI is known to react in the following wa§

NaCl

HOl+ OH —H,0+ Ol (R19)
+ +HOI
OlI~ then reacts further by instantaneous disproportionétion ST Metastable
0 #0H - OH structure
301" —2I" + 10, Ky = 107 (R20) NaCl
>7% <75%
With increasing amount of NaOH present, the surface would + Relative + Relative
become progressively basic and HOI could react to form iodide vy Humidy PR Humidity
and iodate on the Sl_Jrface Further reaction to form yolaille | W’CDQ:‘ W,c;%< Quasi
would require an acidic surface and is therefore unliely e Hauid
NaCl NaCl ]‘q”'
ayer
_ _ ‘L
IO3 +5I" +6H 3 IZ + 3HZO (R21) Deliquescence point of NaOH is + Precipitation of
. ) only 7% relative humidity. No . ‘f,fj‘ﬁ’\‘l aN"’O
This would explain the absence of gas-phase products when solid recrystallisation possible on 2 : 20 ‘Stalsasurgace
HOI was lost to the surface. This mechanism also allows, within  the surface. - “Brine” formation d rgnanéemem&
error, closure of the mass balance for the loss of HOI on an  Less NaCl exposed to HOL Na Further NaCl sites
aged salt surface. exposed.

ICI, IBr, and L, were also observed to undergo reaction with ] )
an NaOH surface. Again, no product formation was observed. Figure 12. Different behavior of NaN@ (taken from Laux et af?)
In basic solution, the following reactions have been obséfvéd and NaOH on the NaCl surface.

on NacCl to have the same effect on the uptake coefficient. An

IBr +20H —Br +H,0+ Ol (R22) alternative explanation is given by the fact that both HN@d
B _ _ HOI form involatile reaction products on the NaCl surface,
ICI +20H —CI" + H,O+ Ol (R23) which may respond differently to the addition of water vapor.
For the reaction of HN@ on NacCl, the involatile product,
l,+#+20H — 1 +H,0+OI" (R24) NaNG;, is thought to be formed initially as a second layer on

the NaCl surface resulting in an aging effect similar to that

OIl~ could then react further as described in R20 above. observed for the reaction of HOI on NaCl. However, the addition

1. Effect of Water Vapor. If the above reactions known  of water is thought to result in the formation of a so-called quasi
in solution apply to salt surfaces with adsorbed water, an effect liquid laye”” on top of the NaCl surface, which leads to
of relative humidity might be expected, if the amount of surface precipitation of NaNQ@ crystals (deliquescence points for
adsorbed water was a critical factor. To test the effect of NaNQO;, NaCl, and mixtures of NaCl/NaNGare 74.3%, 75.3%,
adsorbed water, the relative humidity was increased in severaland 67.6% relative humidity respectivéy9. This precipitation
experiments. process is thought to rupture the surface structure and expose

Mochida et aP® reported that the addition of water vapor more CI for reaction with adsorbed HN®. This solid
did not have an effect on the reaction of HOBr on crystalline recrystallization process is less likely to happen for NaOH
NaCl and KBr. They concluded that their negative experimental (deliquescence points for NaOH and sea-salt are 7% and 71
results meant that there must have been sufficient quantities of75% relative humidity respectivel§); therefore, restoration by
adsorbed water on the salt samples already to allow the surfaceadsorbed water of sites available for reaction may be less
reactions involving ionic species to occur. efficient, leading to the observed lack of any water vapor effect

Work in this laboratory showed that added water vapor had on the uptake coefficient. These two processes are shown in
a significant effect on the uptake rate of HR@Gn crystalline Figure 12. If this mechanism for the behavior of NaOH on NaCl
NaCl surfaced! These surfaces were identical to the NaCl surfaces is valid, NaOH adsorbed on an NaCl surface must react
surfaces used in this study of HOI, where no dependence ofdifferently to the addition of water vapor in comparison to the
the uptake rate on water vapor was observed. If the assumptionreaction of a pure NaOH surface to the addition of water vapor.
of Mochida et af3was correct, it would mean that the reaction The experimental results described in this work (see results
of HOI on NaCl needs a lot less water than the reaction of EINO section le and lic) showed that addition of water vapor to 11%
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relative humidity, i.e., above the deliquescence point for NaOH
(7% R. H.), led to a dramatic increase in the rate of reaction
for the uptake of HOI, ICI and IBr on a pure NaOH surface.

This supports the suggestion that reactions analogous to those )
in the liquid phase are responsible for reaction on a solid surface. salt grains
In the case of NaOH adsorbed on a NaCl surface, a large

increase in the rate of reaction would only be expected if (a)

the deliquescence on this surface occurred at the same relative

humidity and (b) it led to newly available surface Gbns.
V. Extent of Reaction of Br— and CI~ in the NaCl, NaBr,

and Sea-Salt SamplesTo quantify the amount of Brand CI a) salt cubes attached to the pyrex on one of their faces

available for reaction at the salt surfaces used in this study, the

amounts of Br and CI” present on the top surface layer, based

on the geometrical surface area, as well as the total amount of
CI~ and Br in the bulk sample were calculated.

The fraction of Br in sea-salt is 0.2 wt % or 0.108 mol %
and assuming a well mixed salt, the number of Bind CI-
surface sites available at the top surface layer are &.90!
cm2 and 6.39x 10" cm2, respectively. The total amount of

Br~ and CI" available per unit area for reaction can be calculated
from the total amount of salt present on the Pyrex tube insert
and the geometric area of the surface exposed. The total amount
of CI= and/or Br available was calculated to be 10?2 on their edges
molecules cm?, ~10%° molecules cm?, and~10?? molecules

cm~2 (CI7)/ ~10' molecules cm? (Br~) for NaCl, NaBr and
sea-salt surfaces, respectively.

The maximum amount of ICI and/or IBr released to the gas
phase after reaction of HOI with the NaCl, the NaBr, and the
sea-salt surfaces in our experiments was 30" molecules
cm2, 1 x 10 molecules cm?, and 3x 10* molecules cm?

(CI")/2 x 10 molecules cm? (Br-), respectively. It should
be noted that the amount of ICI and IBr released was time
dependent. Nevertheless, the calculated values showed that in
all cases only a smalk¢1%) fraction of the total Cl and Br ¢) salt cubes attached to the pyrex surface on one corner
present in the sample had reacted. However, in the case of NaCl and voids exist between particles

less Ct reacted than was present on the top surface layer,

whereas for the sea-salt surfaces, in some cases, motea@l
reacted than what was present on the top surface layer of th

substrate. In the case of NaBr and sea-salt, in most cases, MOIgyerstitial spaces between hexagonal close packed spherical
Br™ had reacted than was present on the top surface layer. Thisy o jjes stacked in layers, is not appropriate to account for the
might be due to the fact that a) the “real” surface areas of the jjgference between the geometric surface area and “real” surface
NaCl, NaBr, and sea-salt surfaces are different to the assumed, o5 ayajlable for reaction. Instead, the approach outlined below
geome_tncal surface areas and/or (b) that the sea-salt was N0j,55 peen chosen as an attempt to account for the difference
well mixed and Br was concentrated at the surface. between geometric and “real” surface area available for reaction.
V. Reactivity of the Salt Surfaces Studied.The uptake For the approximately one grain thick granular salt surfaces
coefficient for the reaction of HOI on pure NaCl was signifi- ysed in this study the surface area of a simple layer of grains
cantly lower than for HOI on sea-salt. Similarly, de Haan and on a surface depends on the arrangements of the grains on the
Finlayson-Pitt$' observed a lowey by an order of magnitude  pyrex tube surface. Figure 13 shows some possible arrangements
for the uptake of HN@on pure NaCl compared to synthetic phased on the distribution of the salt grains on the Pyrex insert
sea-salt. Behnke and Zet$éh® also reported that reactions  observed in photomicrographs of the NaCl crystallites taken in
generating chlorine atoms are accelerated on sea-salt aerosahis laboratory?! Any of the arrangements illustrated in Figure
relative to NaCl aerosols. A possible explanation for this 13 could be representative of the surface. If all the salt grains
observation is the increase in the number of defect sites in seaere attached with one face to the Pyrex surface touching each
salt, caused by Brdislocations and the presence of mineral other without gaps as shown in Figure 13a, the geometric and

pyrex insert

b) salt cubes are attached to the pyrex surface

Figure 13. Possible arrangements of salt grains distributed on the
ecylindrical Pyrex insert.

salt such as MgGl the real surface area would be approximately equal, i.e., the
VI. Geometric Surface Area vs “Real” Surface Area.The correction factor is 1. Looking at the photomicrographs most

correct determination of the actual surface area of salt surfacesof the NaCl grains appear to be attached to the surface on their

available for reaction has been a matter of much deBete?’ edges or corners as shown in Figure 48b As they are

Leu et al*"*6 applied a model to account for the surfaces of distributed all around the glass surface, only the top faces of
the salt granules beneath the top layer. Other stfici4>37 the crystal cubes have to be considered. If all the salt grains
claimed that the model is not applicable in all cases and dependswere attached with one edge to the Pyrex surface touching each
not only on the type of surface, but also on the reactant used.other without gaps as shown in Figure 13b, the real surface
For the approximately one grain thick granular salt surfaces usedarea would be twice the geometric surface area, i.e., the
in this study, the model applied by Lé#47 which corrects for correction factor is 2.
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However, so far in both cases, the assumption was made thatolutions and deliquescent salt aerosols, all interactions take
there are no gaps between the salt particles on the Pyrex surfaceplace in solution. It should also be noted that HOCI and HOBr

This does not appear to be the case looking at the photomicro-

graphs. The porosity, i.e., the fraction of the geometric surface
that is void can be calculated from the bulk densiy(1.13 g
cm~3), and the true densityy (2.165 g cm), of NaCl

0=1-(1.13gcm>2.165gcm>) =0.48 (E2)

are both stronger acids (HOCGt HOBr > HOI with acid
dissociation constants beir¢y = 3 x 1078, 2 x 1079, 2 x
101 respectivel§?), and are more thermally stable molecules
compared to HOIL.

Huff and Abbatt! investigated the reaction of HOCI on frozen
bromide-ice, chloride-ice, and bromide/chlorideice surfaces
as a function of temperature and pH of the original solution.

This means that, on average, for every salt particle on the ¢ 233 K 3 time dependent loss of HOCI on the bromiitee

surface, there is approximately one void area equivalent to that
of one particle on the surface. If the salt cubes are attached to

surface was observed with Band BrCl being formed as the

products of the reaction. The reaction rate was independent of

the Pyrex surface on their corners (Figure 13c), all six faces of p.omine concentration (0-11%) at pH < 4. The uptake
the cube would be exposed to HOI, but there is only half the ,atficients reported werg = 0.051+ 0.0013 at pH 2 and
number of salt grains distributed on the geometrical surface areag 914+ 0.004 at pH 410. These values for the reactive uptake

if the voids are considered. The maximum correction factor used

to obtain the “real surface area” is thus 3.

These simple arrangements do not take into account possible,
changes in the surface area or reactivity due to defect sites, suc

coefficient for HOCI are within error the same as the uptake
coefficient for HOI in this study on a fresh NaBr surface and
n “aged” NaBr surface, respectively. Surface aging is thought

Ro occur due to poisoning of the dry salt surface possibly by

as steps and edges, on the surface. The variation of the correctiorNaOH (see results section Ib and discussion section 11, which

factor from 1 to 3 stresses the importance to work with well
characterized substrates. A mean correction factorbflZmay

be appropriate to apply to the obseryedalues for application
to the dry sea-salt aerosol.

VII. Comparison with Previous Studies of the Uptake of
HOI on Salt Surfaces.Only one other study of the interaction
of HOI with salt surfaces has been published to date. Allanic et
al2 reported values for the uptake coefficient of HOI on NaCl
and KBrofy = (4 £2) x 102andy = (6 &£ 2) x 1072
respectively, which are in good agreement with the values

obtained on fresh salt surfaces in this study, considering the

experimental uncertainties. Allanic et %l.also found that
gamma for HOI on KBr decreased with increasing residence
time in the Knudsen cell reactor, which is consistent with the
surface aging effects reported here.

However, Allanic et af° did not observe production of ICI
from the reaction of HOI on NaCl but found fo be the main
product. On the KBr surface;, Was again the main product

may have the same effect as changing the pH by adding NaOH

to the NaBr solution prior to freezing of halide-ice surfaces.

Huff and Abbat?! observed no reaction of HOCI with the
chloride—ice surface or the bromide/chlorigiece surface at 233
K, but they observed a loss of HOCI to the bromide/chloride-
ice surface at 248 K with production of Band BrCl. The
reaction was observed to be slower=€ 0.013+ 0.004) than
in the experiments with the bromidéce films. Huff and

Abbat! explain this 5-fold change of their gamma value on
the bromide/chlorideice surface compared to the bromitle

ice surface with the fact that the chloride physically changes

the reactive surface and that thus less Bs available for

reaction on the surface. The value of thgirs comparable to

the uptake coefficient of HOI on an aged sea-salt surface in
this study, where the amount of Bavailable for reaction has

also been reduced.
Mochida et a2 investigated the reaction of HOBr with solid

with minor amounts of IBr. They concluded that the decomposi- crystalline NaCl and KBr substrates. They obseryetb be
tion of HOI to I, was the dominant process, which determined time and dose dependent and they quoted valueg af a
the rate of uptake. In the present study, both ICI and IBr were Vanishing low flow rate of HOBr of< 0.18 4 0.04 for KBr

observed as products of the reaction on NaCl and NaBr, and |
was not detected from either reaction. It should be noted that |

substrates ang (6.5 4 2.5) x 1073 for NaCl substrates. The
extrapolated value fop for the reaction of HOBr on NaCl in

is one of the major impurities produced as a side product during their study is comparable to the value for the uptake coefficient

the in-situ production of HOI. It is therefore difficult to
distinguish small changes in the bkignal from its large
background signal. As described in the results section IV
production of § due to decomposition of HOI was only observed
within the outer sliding injector, where the concentration of HOI
was much higher than that in the flow reactor, hence favoring
a second-order surface decomposition reaction. Allanic %t al.
did not report the concentration of HOI used in their study, but
if the concentrations were higher decomposition may well have
been the controlling reaction.

VIII. Comparison with the Uptake of HOBr and HOCI
on Salt SurfacesOne study for the reaction of HOCI on frozen
salt surface® and four studies of the uptake of HOBr on salt
surfaces? frozen salt surface®, aqueous salt solutiorf§,and
deliquescent salt aeros#lfiave been reported in the literature.
There are significant differences between the four types of

of HOI on an aged NacCl surfaces in this study. On the other
hand, the extrapolated value fpifor the reaction of HOBr on
KBr is much larger than the values ¢f for the reaction of
HOCI, HOBr, or HOI on a NaBr/KBr surface of any other study
discussed in this section. This might be explained by the low
concentrations used in Mochida et a&¥sstudy (16—10%
molecules cm?®) compared to all other studies #6102
molecules cmd), but it is not clear why the gamma value should
be so different from the one they obtained for NaCl substrates
using the same HOBr concentrations.

For HOBr uptake on NaCl substrates Mochida e€3al.
observed Brand BrCl as products of the reaction with a delay
in release of BrCl to the gas phase. They suggested that the
production of Bg originated from the bimolecular self-reaction
of HOBr. For the reaction on KBr, they observed,Bis the
sole product. Mochida et &f.also reported a decrease in,Br

substrates used. The surface of the frozen salt surfaces isyield from 100% to 50% with increasing HOBr flow rate, which
generally constantly renewed by water vapor added to the they interpreted as a competition reaction between the hetero-

experimental system to inhibit evaporation of the hatidee
surface®! The dry salt surfaces undergo an “aging process” e.g.,

geneous reaction of HOBr with NaCl and KBr and the self-
reaction of HOBr. A heterogeneous bimolecular self-reaction

for HOBr uptake®® For uptake measurements on aqueous salt was also suggested as a possible reaction for HOI by Allanic et
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TABLE 4: Summary of Uptake Coefficients for HOI, HOCI, and HOBr on Different Types of Salt Surfaces

author molecule surface pH conc aged? g
this work HOI NaBr - high yes 0.008t 0.003
this work HOI NaCl - high yes 0.008t 0.003
this work HOI sea-salt - high yes 0.014t 0.004
this work HOI NaBr - low no 0.034+ 0.009
this work HOI NacCl - low no 0.0164+ 0.004
this work HOI sea-salt low no 0.06t 0.021
allanic HOI KBr —b - no 0.06+ 0.02
allanic HOI NaCl - - no 0.044+ 0.02
huff HOCI frozen NaBr low high - 0.051+ 0.0013
huff HOCI frozen NaBr high high - 0.014+ 0.004
huff HOCI frozen sea-salt low high - 0.013+ 0.004
fickert HOBr salt solutions lotv - - >0.01
kirchner HOBr frozen NaBr - high - 0.00327+ 0.0048
kirchner HOBr frozen NaCl - high - 0.00124+ 0.0047
kirchner HOBr frozen sea-salt - high - 0.00142+ 0.00017
abbatt HOBr NaCl aerosol high high - <0.0015

2| ow means less than & 10> molecules cm?®, high means up to 2®molecules cm?. ® A dash ) means not applicable or information not
available ¢ The uptake was limited by diffusion, and Belease was only observed at low pH not at high pH. The data obtained by Mochida et
al®® was not included and is discussed in the text.

al20 (see discussion section VII) and, in this study, for very  Fickert et af® studied the activation of Brand BrCl via
high concentrations of HOI present-10'3—10' molecules uptake of HOBr onto aqueous salt solutions containing &rd
cm3) in the outer sliding injector. It is surprising that the HOBr Cl~. They found the reaction to be diffusion-limited with an
would undergo a self-reaction at the low concentrations used accommodation coefficient of > 0.01. The uptake coefficient,
(10°—10" molecules cm®) by Mochida et aP® Abbatt'® y, must thus be larger or equal to 0.01 and this value is
reported in his study of the reaction of HOBr on ice surfaces comparable to the value obtained for HOI on aged sea-salt in
and HBI/HCI doped ice surfaces that second order kinetics werethis study as well as to the value obtained by Huff and ABbatt
observed only at concentrations5 x 10'2 molecules cm?, for the uptake of HOCI on frozen sea-salt reported above.
which he attributed to the self-reaction of HOBT. Fickert et af® also reported that at a pH of less than 6.5 at
Mochida et aP® also speculated that the buildup of involatile least 90% of HOBr taken up was released as gas-phase Br
bases such as NaOH and KOH may be responsible for a slowNo Br, release was observed following HOBr uptake onto
decrease of with time, which was observed at the higher flow nonacidified solution. Similar to what has been reported in the
rates of HOBr. This speculation is in agreement with the study by Abbatt and WaschewsRY this confirmed the acid
assumptions made in this work to explain the effect of surface catalyzed halogen activation mechanism from sea-salt aerosols

aging (see results section le and discussion section lI). predicted by recent models of halogen chemistry in the marine
Kirchner et aF? studied the reaction of HOBr with NaCl,  boundary layet’-5!

NaBr, and sea-salt doped ice surfaces witis (1.24 4+ 0.47) Overall, the three hypohalous acids, HOCI, HOBr, and HOI

x 1078,y = (3.274+ 0.48) x 103 andy = (1.42+ 0.17) x show a very similar behavior on reaction with salt surfaces. In

1073 respectively. They observed Band BrCl as products of  all cases, the reaction of the hypohalous acid was observed to
the reaction. In comparison with all other data discussed herebe faster on Br containing surfaces than on Ctontaining
for HOCI, HOBr and HOI uptake on salt surfaces, their gamma surfaces. For the reaction of both HOBr and HOI on dry salt
values are surprisingly low and only comparable to the value surface, a surface aging effect was repoftedin general, for
reported by Abbatt and Waschews8kfor the uptake of HOBr reactions on dry salt surfaces, frozen salt surfaces and deli-
on an unbuffered NaCl aerosol. The very high HOBr concentra- quescent aerosols a decrease in the valugsimfa more basic
tions (132 molecules cm?®) used in their study might be an  surface environment was observed. Within error thealues
explanation for the low gamma values observed, as the surfacefor the uptake of HOI, HOCI, and HOBr on the salts determined
would become less reactive very quickly. on fresh surfaces and/or low pH and/or low reactant concentra-
Abbatt and WaschewsRY investigated the heterogeneous tions (< 1 x 102 molecules cm®) were comparable. Similarly,
interaction of HOBr with deliquescent NaCl aerosols (75% the y values determined on an aged surface and/or high pH
relative humidity) at room temperature. They reported a value and/or high reactant concentratiors x 102 molecules cm3)
fory < 1.5 x 1073 y = 0.2, andy = 0.2 for the uptake of  were comparable. This is summarized in Table 4. One exception
HOBr on unbuffered aerosols, aerosols at pH 3 and buffered is the very high valuey = 0.2) obtained for the uptake of HOBr
aerosols at pH 7.2, respectively. Abbatt and Wasche¥sky on deliguescent NaCl aerosols at low pH by Abbatt and
explained the strong dependence of the HOBr reactivity on Waschewsky? This suggests that thevalues obtained for HOI
acidity with the rapid depletion of hydrogen ions by the on the dry salt surfaces in this study are likely to be a lower
relatively high concentrations of HOBr ({20) x 102 mol- limit for application to marine aerosol particles. To provide a
ecules cm?) used. They reported a lower reactivity at high pH, more definite reactive uptake coefficient for atmospheric condi-
which is in agreement with the observations made by Huff and tions the uptake of HOI should also be measured on deliquescent
Abbatt3! Mochida et al33 Fickert et al3 and in this study. sea-salt aerosols.
However, their reported upper limit for < 0.0015 is only Atmospheric Implications. The lifetime of HOI with respect
comparable to thg values measured by Kirchner et®alon a to photolysis at midday in the marine boundary layer, for Mace
frozen NaCl, NaBr and sea salt surface and the reported lowerHead, Ireland, July 1997 was calculated tog&min 52 At the
limit for vy > (6.5 & 2.5) x 1072 for the uptake coefficient for ~ same location and time, the surface-to-volume ratio of the fine
the uptake of HOBr on a dry KBr surface, determined by fraction of the sea-salt aerosol was determined to be between
Mochida et aF? 50 and 7Qum? cm~3.52 Assuming a value of 6@m? cm3 for
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the sea-salt aerosol surface-to-volume ratio ame 0.02 for a into the gas phase with some time delay, which was explained
loss of HOI on a medium aged aerosol surface, the lifetime of by either conversion of ICI to IBr on the sea-salt surface or a
HOI with respect to loss on the aerosol surface was calculatedstronger physical interaction of IClI compared to IBr with the

to be~4 h using the following equations sea-salt surface. The effect leading to decreased surface reactiv-
ity was attributed to formation of an involatile product of the
Koot =¥ @S (E3) reaction of HOI on salt, possibly NaOH, on the salt surfaces.
et 4V The uptake coefficient for HOI on the salt surfaces did not show
a dependence on water vapor. It was speculated that this might
T= 1 (E4) result from the fact that NaOH, adsorbed on the salt surface,
Knet does not recrystallize to free additional surface sites for reaction
. with CI~, as suggested for NaNGJormed in the reaction of
wherey = uptake coefficient for HOI, S/\= the surface-to- HNO; on NaCl4° |t was also shown that more Bwas used

volume ratio of the sea-salt aerosol feom ™3], = the average o the reaction of HOI on NaBr and sea-salt than is available
molecular speed [cm8], knet = rate constant for loss on the g the top surface layer of the substrate, but much less than is
aerosol [s'] and 7 = the atmospheric lifetime of HOI with  yailable in total. A correction factor of 2 1 was calculated
respect to loss to sea-salt aerosols [s]. according to the possible arrangements of salt grains on the
Thus, during the day photolysis is the major loss process for g, rface, which made it possible to correct for the difference in
HOI. During night time the uptake on sea-salt becomes the yeometric surface area compared to the “real” surface area. The
dominant Ios_s Process. ) uncertainty in the correction factor highlighted the importance
The experimental results of this study show clearly that the ot ysing well characterized substrates. It was shown that salt
uptake of HOI on sea-salt leads to the formation of the erosols are not likely to be a significant sink fgrand that

interhalogen species, ICl and IBr, via the reactions Cl- and Br may be released from salt aerosols in the marine
HOI + NaCl— ICI + NaOH (Rs) ~ Poundary layer.
HOI + NaBr— IBr + NaOH (R6) Acknowledgment. The authors thank the U. K. Natural

Environmental Research Council for support for this research.
The interhalogens formed are only slightly soluble and can be We also thank C. J. Percival for help with the double sliding
released back into the gas phase, where they readily photdlyze injector setup and with some of the data analysis of preliminary

experimental results.
IX +hy— X+ 1 (X =ClorBr) (R7)

. . lalote Added in Revision
These reactions are important as two halogen atoms are release
into the gas-phase per HOI consumed. The halogen atom During the course of this work we learned of a similar study
concentration in the atmosphere is therefore increased and gasen HOIl/alkali halide salt interactions conducted at the Max-

phase iodine is recycled. Planck Institute for Chemistry in Mainz, Germany, which has
If HOI concentrations in the marine boundary layer were recently been submitted CCP. The results of the two studies
sufficiently large and the heterogeneous reaction with &2id are in good agreement and show that IBr and ICI are released

Br~ in the sea salt aerosol was rapid enough, reaction RS  as reaction products of the interaction of HOI with salt surfaces
might provide a general mechanism for release of reactive Cl and not } as previously reported in the literature.

and Br as well as a recycling mechanism ferftom the marine
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